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14A.1 Introduction 

This attachment has been prepared in response to the information requirements of Item 25.H of the 
Individual Aquifer Protection Permit (APP) Application Form (Form).  Arizona Administrative Code 
(A.A.C.) R18-9-A202A.8 requires a hydrologic study that defines the Discharge Impact Area (DIA) associated 
with the permitted activities for the planned life of the proposed Production Test Facility (PTF).  
Requirements of the hydrologic study are defined in A.A.C. R18-9-A202A.8 as follows: 

a. The hydrologic study is required to demonstrate: 
i. That the facility will not cause or contribute to a violation of an Aquifer Water Quality 

Standard (AWQS) at the applicable point of compliance (POC); or 
ii. If an AWQS for a pollutant is exceeded in an aquifer at the time of permit issuance, and 

that no additional degradation of the aquifer relative to that pollutant and determined at 
the applicable POC will occur as a result of the discharge from the proposed facility. 

b. Based on the quantity and characteristics of pollutants discharged, methods of disposal, and Site 
conditions, the Department may require the applicant to provide: 
i. A description of the surface and subsurface geology, including a description of all 

borings;  
ii. The location of any perennial, intermittent, or ephemeral surface water bodies; 
iii. The characteristics of the aquifer and geologic units with limited permeability, including 

depth, hydraulic conductivity, and transmissivity; 
iv. The rate, volume, and direction of surface water and groundwater flow, including 

hydrographs, if available, and equipotential maps; 
v. The precise location or estimate of the location of the 100-year flood plain and an 

assessment of the 100-year flood surface flow and potential impacts on the facility;  
vi. Documentation of the existing quality of the water in the aquifers underlying the Site, 

including, where available, the method of analysis, quality assurance (QA), and quality 
control (QC) procedures associated with the documentation;  

vii. Documentation of the extent and degree of any known soil contamination at the Site;  
viii. An assessment of the potential of the discharge to cause the leaching of pollutants from 

surface soils or vadose materials;  
ix. For an underground water storage facility, an assessment of the potential of the 

discharge to cause the leaching of pollutants from surface soils, or vadose materials, or 
cause the migration of contaminated groundwater.  (Not applicable to the PTF). 

x. Any changes in the water quality expected because of the discharge; 
xi. A description of any expected changes in the elevation or flow directions of the 

groundwater expected to be caused by the facility; 
xii. A map of the facility’s DIA; or  
xiii. The criteria and methodologies used to determine the DIA.   

Of the hydrologic study requirements outlined above, items A.A.C. R18-9-A202A.8.a.i, 8.b.i-iv, and 8.b.x-xiii 
are addressed in this Attachment.  Item 8.a.ii is described in detail in Attachment 12, Compliance with Aquifer 
Water Quality Standards.  Item 8.b.ix is not applicable to the present application, and items 8.b.v-viii are 
described in Attachment 14B, Hydrologic Study Part B.  Table 14A-1 includes a directory of the requirements 
outlined in A.A.C. R18-9-A202.A.8, and where each are addressed in this application. 
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14A.1.1 Background 

Curis Resources (Arizona) Inc. (Curis Arizona) has proposed development of a small, pilot-scale test facility 
referred to as the PTF located on undeveloped desert land 2.5 miles from the business district of the Town of 
Florence, Pinal County, Arizona (Figure 14A-1).  The proposed PTF will be constructed on State land within 
an Arizona State Mineral Lease held by Curis Arizona that is fully encompassed by property owned by Curis 
Arizona.  The proposed facility will be constructed on portions of Section 28 of Township 4 South, Range 9 
East, of the Gila River Baseline and Meridian.   

The proposed PTF consists of a small number of test injection and recovery wells that will be used to 
dissolve copper bearing minerals within the ore body, and to recover the copper in solution.  The injection 
wells will be used to inject a sulfuric acid-based lixiviant solution that will dissolve copper oxide minerals, 
liberating the copper into solution.  The copper laden solution, referred to as pregnant leach solution (PLS), 
will be recovered from the formation by a closely-spaced array of recovery wells.  The copper will be 
extracted from the PLS by solvent extraction/electrowinning (SX/EW).  A schematic of the PTF well field is 
shown in Figure 14A-2. 

The anticipated injection rate is expected to be approximately 240 gallons per minute (gpm), and the 
extraction is expected to be approximately 300 gpm.  At completion of the PTF injection and recovery 
process, the ore body will be rinsed with native groundwater until permit closure conditions are met.  The 
PTF and SX/EW plant are described in greater detail in Attachments 2 and 9.  Chemistry of the lixiviant and 
PLS solutions are described in detail in Attachment 10, Characterization of Discharge. 

This Attachment documents the development and calibration of, and predictive simulations produced from, a 
sub-regional scale computer-based groundwater flow model that includes the proposed PTF site and 
approximately 124 square miles around the proposed PTF.   

14A.2 Study Area Setting 

14A.2.1 Physiography 

The PTF site is located within the Sonoran Desert portion of the Basin and Range Physiographic province, 
which is characterized by gently sloping alluvial valleys separated by north-northwest trending fault block 
mountain ranges.  The PTF site is located on relatively flat land within an unnamed alluvial basin between the 
Santan and Tortilla Mountains that straddles the boundary between the Eloy sub-basin of the Upper Gila 
Watershed (Eloy sub-basin) and the East Salt River Valley (ESRV).  The PTF site is located a few miles to the 
south of this boundary, within the Eloy sub-basin.   

The Eloy sub-basin is a hydrographic basin bounded on the east by the Tortilla and Tortolita Mountains, on 
the south by a topographic divide at the margin of the Aguirre Valley, to the west by a groundwater divide to 
the west of Casa Grande, and on the north by the Santan Mountains and a topographic divide at the margin 
of the ESRV.  The study area includes an area of approximately 124 square miles located at the northern 
margin of the Eloy sub-basin.  The study area straddles the Eloy-ESRV topographic divide and covers less 
than 10 percent of the greater Eloy sub-basin. 

The PTF site is located on undeveloped desert land approximately 0.6 mile north of the Gila River, which 
drains the Eloy sub-basin.  Ground surface at the PTF site generally slopes southward toward the Gila River 
and has ground surface elevations ranging between approximately 1,470 and 1,490 feet above mean sea level 
(amsl).  
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14A.2.2 Climate 

The climate in the vicinity of the proposed PTF site is typical of an arid to semi-arid desert region with low 
precipitation, low humidity, and high summer temperatures.  Temperatures often exceed 100 degrees 
Fahrenheit (°F) during summer months and seldom fall below freezing during the winter.  Precipitation is 
seasonal and bimodal with winter rainfall resulting from cold fronts originating over the Pacific Ocean 
occurring from December through March; and summer precipitation resulting from convection of moist air 
originating over the Gulf of Mexico and Gulf of California occurring from July through September.  

Precipitation is generally lower intensity, longer duration in the winter and higher intensity, lower duration in 
the summer.  Mean relative humidity ranges from 19 percent in the winter to 65 percent in the summer 
(Montgomery and Harshbarger, 1989).  Average annual precipitation is 10.3 inches (National Oceanic and 
Atmospheric Administration [NOAA], 2010).  Histograms showing monthly mean precipitation and annual 
precipitation totals for the period 1931 to 2008 are shown on Figures 14A-3 and 14A-4, respectively.  

Evaporation exceeds precipitation in the region, consequently little recharge is received from direct 
infiltration of precipitation.  Estimated potential evaporation is approximately 65 inches (Montgomery and 
Harshbarger, 1989).  The combined effects of evaporation and transpiration (evapotranspiration) are 
discussed in more detail in Section 14A.3. 

14A.2.3 Surface Water 

The study area is drained by the Gila River which lies approximately 0.6 mile south of the proposed PTF.  
The Gila River is a regionally extensive river that originates at headwaters in southwestern New Mexico.  The 
Gila River is the principal surface water feature in the vicinity of the PTF site and traverses the central 
portion of the 124 square mile study area. 

Coolidge Dam is located approximately 55 miles to the east of the PTF site and has regulated Gila River flow 
in the vicinity of the PTF site since it was completed in 1928.  The San Pedro River flows into the Gila River 
below Coolidge Dam and is the primary source of unregulated flow in the Gila River.  Most surface water 
flowing in the Gila River upstream of the PTF site is diverted into the Florence-Casa Grande Canal at the 
Ashurst-Hayden Diversion Dam.  In the vicinity of the PTF site, the Gila River flows from northeast to 
southwest and is dry most of the year, except during extended periods of local precipitation and runoff.  A 
hydrograph of historic monthly mean Gila River flows measured at Kelvin, Arizona, located 26 miles east of 
and hydrographically above the PTF site, is included in Figure 14A-5.  The Gila River system and the various 
irrigation projects that receive water from it are described in greater detail in Brown and Caldwell (1996a). 

Besides the Gila River, there are no other significant naturally occurring perennial or ephemeral surface water 
bodies within the PTF model study area. 

14A.2.4 Land and Water Use 

The PTF model domain covers an area of approximately 124 square miles or approximately 79,350 acres.  
Within this area, principal land uses include agricultural, urban, industrial, and undeveloped desert.  
Approximately 24,500 acres (31 percent of the study area) are currently, or historically have been, under 
cultivation.  Urban areas account for approximately 5,700 acres or slightly more than 7 percent of the PTF 
model study area.  Industrial land uses include primarily aggregate mining operations covering approximately 
1,400 acres, less than two percent of the PTF model study area.  Undeveloped desert lands account for the 
majority of the PTF model study area, covering an area of approximately 47,750 acres or 60 percent of the 
study area.  The PTF well field is approximately 4.5 acres in size.  Land use within the PTF model study area 
is shown on Figure 14A-6. 
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Agricultural land uses account for the largest proportion of developed land use and water use with the PTF 
model domain.  Both surface water and groundwater are used to irrigate fields growing a wide variety of food 
and fiber crops.  Urban water uses within the study area rely solely on groundwater and include residential 
and public space irrigation, domestic uses, and other incidental uses.  Industrial water use within the study 
area also relies solely on groundwater and consists primarily of material washing at aggregate mines.  
Anthropogenic water use in the undeveloped desert areas within the PTF model study area is insignificant in 
magnitude. 

Groundwater pumping was not segregated by water use during development of the current PTF groundwater 
flow model.  The groundwater pumping rates used in the model were obtained from the Arizona Department 
of Water Resources (ADWR), and are described in detail in Section 14A.4.7.  

14A.3 Hydrogeology and Conceptual Model 

14A.3.1 Previous Studies 

Portions of the PTF model study area have been the subject of numerous geologic and hydrologic studies 
since the 1950s, when the potential for copper oxide mineralization was identified in the vicinity of Poston 
Butte.  Previous studies described herein are limited to relevant hydrologic and groundwater modeling studies 
covering all or portions of the PTF model study area: 

 Brown and Caldwell, 1996a.  Magma Florence In-Situ Project Aquifer Protection Permit Application, 
Volume II of V, Site Characterization Report. 

 Brown and Caldwell, 1996b.  Magma Florence In-Situ Project Aquifer Protection Permit Application, 
Volume IV of V, Modeling Report. 

 ADWR, 1990.  Pinal Active Management Area Regional Groundwater Flow Model. 

 ADWR, 1994.  Salt River Valley Regional Groundwater Flow Model. 

Brown and Caldwell (1996a) 

Magma Copper Company (Magma) originally proposed production of cathode copper at the site by using 
combined in-situ copper recovery (ISCR) and SX/EW in the mid 1990s.  Magma retained Brown and 
Caldwell to perform hydrologic and geochemical studies in support of applications for the required 
environmental and operational permits from State and Federal agencies.  Brown and Caldwell (1996a) 
summarized geologic and hydrogeologic characteristics of the proposed ISCR site, associated property, and 
the surrounding vicinity using existing published and unpublished data and data generated during site-specific 
investigations. 

Site-specific investigations performed in support of Brown and Caldwell (1996a) included, but were not 
limited to: 

 Assessment of bedrock properties based on lithologic logs of approximately 700 coreholes drilled into 
the ore body and the surrounding vicinity. 

 Analysis of lithologic and hydrologic data collected from 52 boreholes drilled at the site and surrounding 
vicinity in 1994 and 1995 to depths ranging from 240 to 1,580 feet. 

 Downhole geophysical logging of 16,340 linear feet of boreholes drilled in 1994 and 1995. 

 Construction data, water quality data, and water level data available from eighteen monitoring wells 
constructed in six clusters in and around the ore body. 

 Twenty-six aquifer tests conducted at test well and monitoring well clusters at the site and surrounding 
vicinity. 

 Fourteen hydraulic (packer) tests conducted in open boreholes. 
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The aquifer parameters and hydrostratigraphic unit descriptions developed from data collected in support of 
Brown and Caldwell (1996a) were used to support the creation of a sub-regional groundwater flow model 
described in Brown and Caldwell (1996b).  These data remain the best available data describing hydrogeologic 
characteristics at the PTF site and surrounding vicinity.  No significant additional hydrogeologic 
characterization activities have been conducted at the PTF site and surrounding vicinity since the Brown and 
Caldwell (1996a) study was completed.  Data developed in support of Brown and Caldwell (1996a) were used 
as direct input into the current PTF groundwater flow model described in this report.  Hydrostratigraphic 
unit descriptions presented in Brown and Caldwell (1996a) serve as the conceptual basis for 
hydrostratigraphic units represented in the PTF groundwater flow model described herein. 

Brown and Caldwell (1996b) 

Following the hydrogeologic characterization of the PTF site and surrounding vicinity described in Brown 
and Caldwell (1996a), Brown and Caldwell prepared a sub-regional numerical groundwater flow model for the 
purpose of simulating the potential effects of ISCR activities on the regional alluvial aquifer.  The flow field 
represented in the 1996 groundwater model was developed using the MODFLOW (McDonald and 
Harbaugh, 1988) computer code, and particle tracking simulations were performed using PATH 3D (Zheng, 
1989). 

The 1996 groundwater flow model included a domain that covered approximately 100 square miles, centered 
roughly on the PTF site and surrounding vicinity.  The model grid used a 1,000-foot by 1,000-foot cell size at 
the periphery of the domain and reduced to a cell size of 50 feet by 50 feet at the center of the domain at the 
PTF site, and was divided into eight layers corresponding to the various hydrostratigraphic units. 

Model inputs included temporal head, recharge, and pumping inputs, and used a one year calibration period.  
The groundwater flow model drew heavily from the site-specific hydrogeologic data reported in Brown and 
Caldwell (1996a) and data available from ADWR.   

Advances in groundwater modeling software, modeling techniques, and changing groundwater conditions at 
the PTF site have necessitated the development of the current PTF groundwater model described herein as a 
replacement for the groundwater model described in Brown and Caldwell (1996b).  However, the Brown and 
Caldwell (1996b) groundwater model provided the basic framework for the current model with minor 
adjustments to the PTF model domain and a revision of the model layering to reflect the full body of geologic 
data currently available. 

Hydraulic parameters used as inputs to the Brown and Caldwell (1996b) groundwater flow model were 
developed and reported in the Brown and Caldwell (1996a) Site Characterization Report, which also serves as 
the primary source for hydrologic properties used in the current groundwater flow model.  Other inputs used 
in the 1996 groundwater model such as General Head Boundaries (GHBs), temporal head distributions, 
recharge values, and groundwater pumping were not carried forward to the current model because a greater 
temporal range of detailed data are now available from ADWR. 

ADWR, 1990 

In 1990, ADWR released a numerical groundwater flow model for the Pinal Active Management Area (AMA) 
which covers an area of approximately 4,100 square miles located within portions of Pinal, Pima, and 
Maricopa Counties and includes the PTF site.  The Pinal AMA groundwater model was developed using the 
MODFLOW (McDonald and Harbaugh, 1988) computer code and had a model domain equivalent to the 
approximate 4,100 square mile AMA area.  ADWR developed this model for the purpose of developing a 
groundwater management tool that would be useful in predicting future groundwater conditions within the 
AMA.  The Brown and Caldwell (1996b) and the current PTF groundwater flow models cover a domain that 
is less than 2 percent of the 1990 Pinal AMA groundwater flow model. 
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The original Pinal AMA model used two layers to represent the three hydrogeologic units generally 
recognized to extend throughout the AMA.  The hydrogeologic units are the Upper Alluvial Unit (UAU), the 
Middle Silt and Clay Unit (MSCU), and the Lower Conglomerate Unit (LCU).  The layer thicknesses were 
defined using more than 2,000 driller’s logs; however, the actual thicknesses of the MSCU and LCU are not 
represented in the model.  The 1990 Pinal AMA model grid used a uniform cell size of one square mile 
roughly oriented to correspond with the Township-Range-Section grid. 

The hydrogeologic units used in the 1990 Pinal AMA model and their associated properties roughly 
correspond to the hydrogeologic units used in the 1996 groundwater model prepared by Brown and Caldwell 
(1996b).  The Brown and Caldwell model used hydrogeologic unit names and descriptions reported in Brown 
and Caldwell (1996a), namely; the Upper Basin Fill Unit (UBFU), Middle Fine Grained Unit (MFGU), and 
Lower Basin Fill Unit (LBFU).  However, the UBFU corresponds with the UAU, the MFGU corresponds 
with the MSCU and the LBFU corresponds with the LCU.  The hydrogeologic unit names and descriptions 
used in Brown and Caldwell (1996b) are used in the current PTF groundwater flow model. 

Although the 1990 Pinal AMA model grid discretization and layering are too coarse to provide the localized 
high resolution required for the present modeling effort, the extensive published datasets associated with the 
model have been a valuable resource in constructing and calibrating the current PTF groundwater flow 
model.   

ADWR is currently in the process of redeveloping and refining the Pinal AMA groundwater flow model to 
represent expanded pumping and recharge datasets, a refined understanding of the basin and sub-basin 
morphology, and more refined hydrographic boundaries at the downstream edge of the model.  The revised 
model was planned to be completed in 2010, however it had not yet been made available at the time of this 
publication.  However, ADWR graciously made several of the updated Pinal AMA model input datasets 
available to Brown and Caldwell on a provisional basis in support of development of the current PTF 
groundwater flow model.  Provisional updated Pinal AMA groundwater model datasets made available by 
ADWR for use in the current model are described in Section 14A.4.7. 

ADWR, 1994 

In 1994, ADWR released a computer model that represented the groundwater flow regime of the Salt River 
Valley (SRV).  The SRV is an extensive and complex groundwater basin that includes seven sub-basins and 
the confluence of four rivers that together drain more than 50 percent of the State.  The domain of the 1994 
SRV model covers only about 2,500 square miles and does not include the entire SRV, but focuses on the 
most significant hydrologic features of the valley for the purpose of developing a groundwater management 
tool.  ADWR is currently in the process of updating the SRV model and expanding the model domain, 
however the results of that effort are not yet available. 

Similar to the 1990 Pinal AMA model, the 1994 SRV model used a cell size of one square mile, but differed in 
that it used three layers to represent the three principal hydrogeologic units within the basin.  The layers were 
designed to discretely represent the three principal hydrogeologic units occurring within the SRV, which units 
generally correspond to those described in the 1990 Pinal AMA groundwater flow model.  The SRV layers 
include the UAU, Middle Alluvial Unit (MAU), and Lower Alluvial Unit (LAU).   

The domain of the 1996 (Brown and Caldwell, 1996b) and the current (2010) PTF sub-regional groundwater 
flow model lies primarily within the domain of the Pinal AMA groundwater model.  However, because the 
PTF site location is very near the boundary between the Pinal AMA and the Phoenix AMA, a small portion 
of the PTF model domain lies within the domain of the SRV model.  Approximately 20 percent of the PTF 
model domain lies within the domain of the 1994 SRV model, an area located at the extreme southeast corner 
of the SRV model domain that represents less than one percent of the entire SRV model domain.   
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Recognizing that the current PTF groundwater flow model has less than 20 percent of its domain in common 
with the SRV model, the SRV model construction details such as grid discretization, layering, and boundary 
conditions were not incorporated in the current modeling effort.  However, datasets from the SRV model 
that were useful in construction and calibration of the current (2010) PTF groundwater model included 
updated geology and temporal head distributions.  Input datasets for the current PTF groundwater model are 
described in Section 14A.4. 

14A.3.2 Regional Geology and Hydrostratigraphy 

14A.3.2.1 Structural Geology 

The PTF site is located within the Sonoran Desert portion of the Basin and Range Physiographic Province.  
The Basin and Range Province is defined by the residual effects of extensional forces that stretched the 
earth’s crust throughout western North America, resulting in a series of pull-apart physiographic features that 
include alternating elongated mountain ranges separated by alluvial basins bounded by normal faults.  The 
basins and ranges are the surface expression of alternating down-thrown blocks of crust (grabens) lying 
between crustal blocks that remain elevated (horsts) relative to the surrounding terrain.   

The Basin and Range Orogeny, an extensional event, was the last major orogenic event to affect the Western 
United States and occurred from the early Miocene to the Pleistocene (17-5 Ma).  Tectonic processes 
associated with the Basin and Range Orogeny exposed metamorphic core complexes and resulted in igneous 
activity that included batholith, stock and dike emplacement, and volcanism (Nason and others, 1982).   

Basin and Range faulting resulted in partial to complete erosion of older Oligocene to Miocene sediments.  
Consequently, as much as 4,000 feet of basin-fill has been deposited in the resulting Tertiary alluvial fan and 
lake bed environments.  Figure 14A-7 shows a bedrock surface of the PTF site and limited surrounding 
vicinity based on well log and corehole data. 

Basin and Range faulting and tilting in the vicinity of the PTF resulted in north-northwest trending horst and 
graben structures bounded by normal faults with large displacements to the west (Nason and others, 1982).  
The ore body associated with the PTF occurs on a complex horst block which is bounded on the east and 
west by grabens.  The Party Line Fault, a major normal fault on the east side of the ore body, strikes north 35 
degrees west and dips 45 to 55 degrees southwest.  This fault is reported to have a vertical displacement of 
over 1,000 feet (Conoco, 1976; Nason and others, 1982).  Field studies (Brown and Caldwell, 1996a) have 
shown that intense fracturing in the vicinity of the fault zone has resulted in elevated hydraulic conductivity 
parallel to the fault.  A series of en-echelon normal faults striking north-south to northwest occur west of the 
Party Line Fault, which form the transition to the graben structure west of the proposed PTF well field. 

The Sidewinder Fault occurs near the west side of the proposed PTF well field and has a displacement of 
more than 1,200 feet (Conoco, 1976), and represents a continuation of a complex of northwest-southeast 
trending normal faults east of the PTF site.  Field studies (Brown and Caldwell, 1996a) have shown that 
intense fracturing in the vicinity of the fault zone has resulted in elevated hydraulic conductivity.  
Additionally, an east-west trending fault system has truncated the south end of the horst, causing bedrock 
elevations south of the Gila River to drop away by more than 1,500 feet (Conoco, 1976).  Additional en-
echelon, north to northwest trending normal faults located east of the Sidewinder Fault form the transition to 
another graben structure east of the PTF site, which strikes north to northwest.   

Following the Basin and Range Orogeny, alluvial basin-fill sediments were deposited over the Precambrian 
bedrock surface in the vicinity of the PTF site.  The sediments consist of unconsolidated to moderately well-
consolidated interbedded clay, silt, sand, and gravel in variable proportions and thicknesses.  Interbedded 
basalt flows were emplaced during basin fill deposition to the west and northwest of the proposed PTF well 
field.  Total thickness of basin-fill materials in the vicinity of the property ranges from 300 to over 900 feet, 
and exceeds 2,000 feet at a distance of 1.5 miles southwest of the proposed PTF well field.   
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14A.3.2.2 Hydrostratigraphy 

The saturated geologic formations underlying the PTF site have been divided into three distinct water bearing 
hydrostratigraphic units referred to as the UBFU, LBFU, and the Bedrock Oxide Unit.  Although locally 
productive, the Bedrock Oxide Unit is considered to be hydrologic bedrock by the ADWR (1989).  The 
UBFU and LBFU are separated by a thin regionally extensive aquitard referred to as the MFGU.  Each of 
these units generally corresponds to regionally extensive hydrostratigraphic units described by ADWR (1989).  
Generalized cross sections depicting the distribution and thickness of the hydrostratigraphic units are shown 
on Figures 14A-8 and 14A-9.  Recent water levels (2008) within the PTF model domain are shown on 
Figure 14A-10. 

The geologic and hydrologic characteristics of these units have been defined by a series of studies conducted 
by previous companies associated with the PTF site including Conoco, Magma, and BHP Copper. 

Conoco began hydrologic characterization of the ore body in 1971 in order to determine the dewatering 
requirements for a planned underground mine, and later an open pit mine to be developed at the PTF site.  
Between 1973 and 1976, Conoco conducted a total of 34 aquifer (pumping) tests that included tests 
conducted in individual water bearing units and various combinations of the LBFU and Bedrock Oxide 
Units.  No aquifer tests were conducted in the period between 1976 and 1992, when Magma began 
hydrologic characterization for the purpose of completing a pre-feasibility study. 

Magma purchased the PTF site and surrounding vicinity from Conoco in 1992, and initiated an intensive 
hydrologic characterization program that included a series of 49 pumping tests conducted at 17 locations at 
the PTF site and surrounding vicinity.  The tests, conducted by Brown and Caldwell, included 17 pumping 
wells and 46 monitoring wells screened within the various water bearing units.  Eight wells were completed 
within the UBFU, 17 within the LBFU, and 38 wells within the Bedrock Oxide Unit including the hanging 
wall and footwall zones of the major faults.  Each of the pumping tests was conducted at pumping rates of at 
least 0.25 gpm per foot of screen.  After completion of the pumping tests, Golder Associates (Golder, 1995) 
analyzed the pump test data to derive hydrologic parameter values describing each of the water bearing units.  
The values derived by Golder Associates for each of the water bearing units confirmed, and expanded on, 
those derived by Conoco.  A copy of the 1995 Golder Associates report is submitted as Exhibit 14A-1. 

In January 1996, BHP Copper acquired Magma and the PTF site and surrounding vicinity, and continued 
hydrologic characterization of the associated ore body.  BHP Copper did not conduct any additional aquifer 
tests.  However, in order to further characterize hydrologic properties of the ore body, BHP Copper installed 
a pilot five-spot ISCR well pattern with adjacent, perimeter, and observation wells for the purpose of 
conducting a commercial-scale pilot test to demonstrate the feasibility of establishing and maintaining 
hydraulic control.  No additional hydrologic characterization activities were completed between the 
conclusion of the BHP Copper pilot test in 1998 and the purchase of the PTF site and surrounding vicinity 
by Curis Arizona. 

Curis Arizona acquired the PTF site and surrounding vicinity in the first quarter of 2010.  The only 
hydrologic characterization activities conducted by Curis Arizona since their acquisition of the site have been 
laboratory testing of two samples of MFGU sediments to determine hydraulic conductivity.  The results of 
those tests are described below.  The laboratory reports for those analyses are included as Exhibit 14A-2.   

The range of hydraulic conductivity values measured for each of the water bearing units are shown on 
Figure 14A-11.  Hydraulic conductivity values plotted on Figure 14A-11 include values derived from tests of 
individual water bearing units conducted by Conoco and Magma.  Hydraulic conductivity values derived from 
tests that included multiple water bearing units were excluded from Figure 14A-11. 

No vadose zone characterization activities have been conducted since 1995 when BHP completed site 
characterization.  Vadose zone characterization activities performed in support of the BHP site 
characterization are described in Section 2.3.1, Volume II, of that application.  A copy of Section 2.3.1, 
Volume II of the 1996 APP application is included as Exhibit 14A-3. 
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14A.3.2.2.1 Upper Basin Fill Unit (UBFU) 

The UBFU is locally overlain by recent alluvial floodplain sediments emplaced by the Gila River and tributary 
washes in the vicinity of the PTF site.  The recent alluvium is unsaturated, and consists of unconsolidated silt, 
sand, gravel, and boulders that locally overlie the basin fill deposits of the UBFU.  The width of recent 
alluvium emplacement is approximately one mile on either side of the Gila River.  The thickness of the recent 
alluvium at the PTF site ranges from zero near the bedrock outcrops to approximately 60 feet at the Gila 
River (Brown and Caldwell, 1996a). 

The UBFU consists primarily of unconsolidated to slightly consolidated sands and gravel, with lenses of 
finer-grained material and ranges in thickness between 50 feet near mountain fronts to approximately 
1,200 feet in the basin center.  The thickness of the corollary unit within the ESRV Sub-basin is typically 
between 100 and 200 feet (ADWR, 1993).  The UBFU is estimated to range between 200 and 220 feet in 
thickness within the proposed PTF well field. 

The upper portion of the UBFU is not saturated and forms the lower vadose zone, which extends to depths 
ranging from 100 to 150 feet below ground surface (bgs).  The upper portions of the unit are generally fine-
grained and calcareous, consisting of a gradational succession of poorly graded, moist silt and sand with 
minor gravel.  The lower portions are generally coarser-grained, with gravel interbeds common at depth.  
Although more cohesive than the overlying recent alluvium, the UBFU is generally described as 
unconsolidated (Brown and Caldwell, 1996a). 

The UBFU is primarily unconfined with locally confined conditions apparent in portions of the Eloy sub-
basin (ADWR, 1989).  However, unconfined conditions prevail within the UBFU in the proposed PTF well 
field.  Hydraulic conductivity within the UBFU in the study area ranges from 20 to 130 feet per day and 
specific yield ranges from approximately 13 to 20 percent (ADWR, 2010).   

Based on 2011 groundwater level measurements, the saturated portion of the UBFU within the proposed 
PTF well field is estimated to be between approximately 275 and 295 feet thick.  Depth to groundwater 
measurements at proposed POC wells completed in the UBFU are provided in Attachment 14B Table 14B-2.   

14A.3.2.2.2 Middle Fine Grained Unit (MFGU) 

The MFGU underlies the UBFU along a very gently sloping contact that is interpreted to be an 
unconformity, based on a basin-wide shift in lithofacies.  The unit is generally 20 to 30 feet thick at the 
proposed ISCR site but increases to a maximum thickness of about 55 feet at the southwest corner of the 
site.  The unit is nearly continuous, although it may pinch out or grade to coarser-grained materials in some 
locations (Brown and Caldwell, 1996a).   

Locally, the MFGU ranges from calcareous clay to silty sand, and includes desiccation cracks, reworked 
broken clay clasts, carbonaceous film, and thin interbeds of fine sand or pebbles up to 1-inch thick.  In 
places, the unit is massive with no detectable internal structure.  It is generally calcareous and may be 
associated with thin zones of caliche.  The base of the unit slopes very gently (one to two percent) to the 
southwest and is generally marked by a change from silty sand to gravel.  In light of the numerous faults that 
are known to affect the bedrock at the in-situ mine site, the relatively flat-lying base of the MFGU is an 
indication that faulting ceased prior to the deposition of this unit (Brown and Caldwell, 1996a).   

The MFGU in the Eloy sub-basin ranges in thickness from less than 50 feet near the sub-basin margins to 
greater than 6,500 feet in the sub-basin center, and can be locally productive if the well penetrates a sand and 
gravel lens within the unit; however well productivity in the MFGU is otherwise limited (ADWR, 1989).   

No aquifer tests have been conducted within the MFGU.  The MFGU is too thin and exhibits a hydraulic 
conductivity that is too low to support aquifer pumping tests.  The thinness of the MFGU also precludes 
reliable construction of test wells that might be used to perform slug tests.  For this reason, Magma Copper 
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Company, a previous owner of the site and surrounding vicinity elected to collect a sample from bore hole 
M16-GU for laboratory analysis to determine hydraulic properties of the MFGU.  Curis Arizona recently 
collected two additional MFGU samples from core hole CMP-11-03, which was drilled in August of 2011.  
The laboratory hydraulic conductivity values determined for these samples are listed in Table 14A-2. 

Copies of the original laboratory reports for each of the samples listed in Table 14A-2 are included herewith 
as Exhibit 14A-2.   

The depth, thickness, and extent of the MFGU within the PTF well field, as determined from core hole logs, 
is shown on detailed cross sections included in Attachment 14C as Figures 14C-48 through 14C-51. 

14A.3.2.2.3 Lower Basin fill Unit (LBFU) 

The LBFU underlies the MFGU at the proposed PTF site and comprises the lower portion of the 
sedimentary fill overlying Precambrian bedrock.  The MFGU-LBFU contact at the proposed PTF site ranges 
in depth from 260 to 300 feet bgs.  The thickest deposits of LBFU occur west of the proposed PTF well 
field, along the east flank of a graben structure.  The increased thickness is the result of faulting, subsidence, 
and lithostatic loading of the basin.  The thinnest deposits overlie a 400- to 500-foot wide bedrock ridge west 
of the proposed PTF well field.  Beneath the eastern portion of the PTF site, the thickness of the LBFU 
generally ranges from about 30 to 80 feet. 

The LBFU consists of coarse gravel, fanglomerate, conglomerate, and breccia, and is distinguished by a 
greater degree of consolidation than is exhibited by the UBFU.  Lithologically, clasts appear similar to the 
overlying UBFU, with the exception of the occurrence of bedrock derived gravel conglomerate, immediately 
above the bedrock contact that is locally well-lithified.  The conglomerate portion of the LBFU may correlate 
with the Gila and Whitetail Conglomerates described in the region (Conoco, 1976). 

Where overlain by the MFGU, the LBFU typically exhibits confined or semi-confined characteristics 
(ADWR, 1989).  Hydraulic conductivity within the LBFU ranges from 5 to 25 feet per day and specific 
storage is approximately 1e-5 ft-1 (ADWR, 2010).  Hydraulic conductivity for the LBFU calculated by 
Montgomery (1994) was approximately 93.0 ft/day.  Aquifer parameters reported for the Gila Conglomerate 
include transmissivities reported by Halpenny (1976) that range from 113,000 to 233,000 gallons per day per 
foot (gpd/ft).  Studies performed by Halpenny and Green (1972) suggest that a transmissivity value of 
125,000 gpd/ft is a reasonable mean value.   

Beneath the proposed PTF well field, the LBFU is fully saturated and exhibits confined to semi-confined 
characteristics.  As noted on the cross sections submitted in Attachment 14C (Figures 14C-48 through 
14C-51), the water levels in the LBFU are measured at points well above the top of that unit.  Aquifer tests 
conducted at the PTF site, and measured groundwater elevations, have demonstrated that the LBFU and 
Bedrock Oxide Unit are in hydrologic communication with one another.  Depth to groundwater 
measurements for proposed POC wells completed in the LBFU are included in Attachment 14B, 
Table 14B-2.   

14A.3.2.2.4 Oxide Bedrock Zone 

Bedrock underlying the LBFU in the proposed PTF well field consists primarily of Precambrian quartz 
monzonite and Tertiary granodiorite porphyry.  Based on the copper mineral assemblage, the bedrock is 
divided into an upper oxide zone and lower sulfide zone.  The oxide bedrock zone is estimated to range in 
thickness from approximately 200 feet to over 1,500 feet (Brown and Caldwell, 1996a).  The depth and extent 
of the Oxide Bedrock Zone beneath the PTF well field is shown on the generalized geologic cross sections in 
Figures 14A-8 and 14A-9. 
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The top of the oxide bedrock zone consists of a weathered rubbly mixture of fracture filling and angular 
bedrock fragments, and is expected to be a zone of enhanced hydraulic conductivity.  On available well logs, 
this zone is included with the LBFU in some locations as it is difficult to distinguish in-place weathering 
products from overlying colluvial materials.  Below this weathered zone, the oxide consists of extensively 
fractured quartz monzonite, granodiorite, and associated dikes.  Movement of groundwater through the oxide 
bedrock zone is expected to be largely controlled by secondary permeability resulting from faults, fractures, 
and associated brecciation.   

Fracture intensity is greatest near the Party Line and Sidewinder faults, and decreases further away from these 
features.  The Party Line fault post-dates mineralization and partially bounds mineralization in the eastern 
portion of the ore body.  A vertical displacement of approximately 1,000 feet has been estimated on the Party 
Line fault.  The Sidewinder fault occurs in the western portion of the in-situ mine site and exhibits an 
estimated 1,200 feet of vertical displacement.  Rubblization and subsequent erosion associated with the 
Sidewinder fault has resulted in a bedrock trough that underlies the western portion of the PTF site.    

Hydraulic conductivity within the oxide bedrock zone ranges from 0.1 to 2.51 ft/day and specific storage 
ranges from 5e-6 to 1e-5 ft-1 (Brown and Caldwell, 1996a).  Transmissivity within the oxide bedrock zone in 
the vicinity of the PTF site has been estimated to range from 10,000 to 12,000 gpd/ft (Halpenny and Green, 
1972).   

Beneath the proposed PTF well field, the Bedrock Oxide Unit is fully saturated and exhibits confined to 
semi-confined characteristics.  As noted on the cross sections submitted in Attachment 14C (Figures 14C-48 
through 14C-51), the water levels measured in wells completed in the Bedrock Oxide Unit are observed at 
points well above the top of that unit.  Due to the low hydraulic conductivity of the Sulfide Unit, there is no 
demonstrable hydraulic connection between it and the Bedrock Oxide Unit. 

14A.3.2.2.5 Hydrologic Bedrock 

The oxide bedrock zone is underlain locally by a zone of sulfide mineralization that occurs in the same quartz 
monzonite and granodiorite rocks that compose the oxide zone, and is of unknown lateral and vertical extent.  
The fracture frequency and resulting permeability of the fracture network within the sulfide zone is 
significantly less than that observed in the overlying oxide zone.   

The Sulfide Unit is a bedrock unit that underlies the Bedrock Oxide Unit, and is distinguished from that unit 
by differences in mineralogical composition.  In addition to having a different mineralogical composition than 
the Bedrock Oxide Unit, the Sulfide Unit is substantially less fractured, and consequently has a much lower 
hydraulic conductivity.  Pumping and injection tests conducted in 1995 included tests conducted in wells 
constructed in the Sulfide Unit.  During these tests, it was observed that the Sulfide Unit wells dewatered 
quickly and did not recover within a timeframe that allowed meaningful analysis of test data.  For this reason, 
slug tests were conducted in the Sulfide Unit wells which produced hydraulic conductivity values between one 
and three orders of magnitude lower than those measured in the Bedrock Oxide Unit.  Sulfide bedrock 
hydraulic conductivity values, developed by Brown and Caldwell (1996a), ranged from 0.0055 to 0.05 ft/day. 

Within the broader study area, hydrologic bedrock consists primarily of Precambrian granite, gneiss, and 
schist with Mesozoic granite and related crystalline intrusive rocks, volcanic flows, sedimentary and 
metamorphic rocks and is assumed to be impermeable (ADWR, 1989).  In the context of defining regional 
groundwater resources, the sulfide bedrock zone does not yield appreciable quantities of water (ADWR, 
1989).  Local areas of intense fracturing may yield groundwater from the bedrock complex; however; 
previous ADWR groundwater models (ADWR, 1990 and 1994) have assumed all bedrock (including the 
oxide bedrock zone) within the study area is impermeable.  No flow bedrock areas are shown on 
Figure 14A-10. 
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14A.3.3 Regional Hydrogeologic System 

The Eloy sub-basin is a structurally controlled hydrographic basin in the middle reach of the upper Gila River 
watershed that is bounded by topographic divides on the north, east, and south and by a groundwater divide 
on the west.  The Eloy sub-basin represents a series of graben structures that have been overlain with basin 
fill sediments shed from the surrounding mountains.  The basin fill sediments extend in depth to more than 
4,000 feet at the center of the sub-basin and are generally water bearing in the uppermost 1,800 feet of 
thickness, with the exception of a series of fine grained deposits that extend nearly basin wide.  The 
ephemeral Gila River is a losing stream within the Eloy sub-basin and also drains the sub-basin. 

In the eastern portion of the Eloy sub-basin, and the eastern portion of the PTF model domain, groundwater 
flow generally follows the course of the Gila River but turns north-northwest in the vicinity of the Town of 
Florence and the PTF site. 

The PTF model study area lies principally within the Eloy sub-basin.  Groundwater inflows and outflows of 
the Eloy sub-basin that pertain to the domain of the PTF groundwater model are described below.  

14A.3.3.1 Inflows 

14A.3.3.1.1 Surface Water Flow and Groundwater Subflow 

The Gila River is an ephemeral losing stream within the PTF model domain and is the principal source of 
groundwater recharge in the region.  The flow control and diversion structures located on the Gila River are 
described in Brown and Caldwell (1996a).  Within the study area, there are no other significant ephemeral or 
perennial surface water bodies that contribute to groundwater recharge.  All other drainages within the PTF 
model domain consist of dry ephemeral washes that are tributaries to the Gila River and only flow during 
infrequent heavy precipitation events.  Surface water infiltration estimates used in the model were compiled 
by ADWR for the ongoing update of the Pinal AMA groundwater flow model and were provided by ADWR 
on provisional basis for use in the current PTF groundwater flow model.  Estimated surface water infiltration 
values are discussed in Section 14A.4.7  

There is no documented sub-flow associated with the Gila River entering the Eloy sub-basin at the eastern 
margin of the basin, and no other potential sources of sub-flow exist within the Eloy sub-basin.   

14A.3.3.1.2 Gila River Recharge 

The Gila River is the primary source of recharge to the alluvial aquifers in the vicinity of the PTF site.  Both 
historical and recent water level records demonstrate that there is a close relationship between the magnitude 
of flows in the Gila River and local groundwater elevations.  This relationship is illustrated by the 
hydrographs plotted on Figure 14A-12.  Figure 14A-12 is a map with hydrographs for Groundwater Site 
Inventory (GWSI) wells and PTF and surrounding vicinity wells plotted relative to a discharge hydrograph of 
the Gila River.  The hydrographs plotted on Figure 14A-12 clearly show that as Gila River flow increases, 
groundwater elevations also increase shortly thereafter.  As Gila River flows decrease, groundwater pumping 
causes groundwater elevations to decline.  Hydrographs plotted on Figure 14A-12 show that recharge derived 
from Gila River flows affects groundwater elevations as far as approximately 3.5 miles from the Gila River.   

No direct measurements of groundwater recharge derived from Gila River flows are available.  The best 
available quantification of recharge derived from Gila River flow was developed by ADWR in conjunction 
with the groundwater model the Department developed to simulate groundwater conditions in the Pinal 
AMA (ADWR, 1990).  The recharge array used in this model was directly imported from provisional data 
files prepared for the update of the Pinal AMA groundwater flow model (ADWR, 1990).  These data were 
made available to Curis Arizona by ADWR on a provisional basis.  
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14A.3.3.1.3 Mountain Front Recharge 

Analyses performed by ADWR (1989) demonstrated that mountain front recharge is negligible within the 
domain of the Pinal AMA groundwater flow model.  Based on provisional data provided by ADWR, the 
revision of the Pinal AMA groundwater flow model that is currently in progress will validate the earlier 
ADWR conclusion that there is no significant mountain front recharge within the domain of the Pinal AMA 
groundwater flow model.  Accordingly, the current PTF groundwater flow model does not include mountain 
front recharge. 

14A.3.3.1.4 Canal Leakage 

Three irrigation districts serve water to farms within the PTF model study area through a network of unlined 
canals: New Magma Irrigation and Drainage District, Maricopa Stanfield Irrigation and Drainage District, and 
the San Carlos Irrigation and Drainage District.  Seasonally, canal water is obtained from surface water 
diversions on the Gila River and from the Central Arizona Project (CAP).  When insufficient surface water 
supplies are available to meet irrigation demand, the irrigation districts pump groundwater into the canal 
network to meet the demand.  The location of these canals within the model domain is shown on 
Figure 14A-6.  Leakage from the unlined canals is a significant source of recharge water within the Eloy sub-
basin and the PTF model domain.  Canal leakage data used in this model were compiled by ADWR for the 
ongoing update of the Pinal AMA groundwater flow model and were provided by ADWR on a provisional 
basis for use in the current PTF groundwater flow model.  Canal leakage model input values are discussed in 
Section 14A.4.7. 

14A.3.3.1.5 Permitted Recharge Facilities 

There is one permitted Underground Storage Facility (USF) no. 70-431125 within the PTF model study area.  
The USF is permitted to recharge 135 acre-feet per year (AFY) of reclaimed wastewater generated at the 
North Florence Wastewater Treatment Plant operated by the Town of Florence.  The location of the North 
Florence recharge facility is shown on Figure 14A-1.  Permitted USFs seldom operate at the maximum 
permitted volume on a continuous basis, and typically are permitted for excess capacity to allow for facility 
expansion.  Based on ADWR records, the Town of Florence groundwater Long-Term Storage Account 
increased by a total of 73 acre-feet between 2007 and 2010 due to recharge from this facility. 

The amount of recharge contributed by the North Florence USF is relatively insignificant compared to the 
recharge received from the nearby Gila River, which can fluctuate by as much as 10,000 to 100,000 AFY.  
Consequently recharge from the North Florence USF was not included in the current PTF groundwater flow 
model. 

14A.3.3.1.6 Agricultural Returns 

Because much of the agricultural land within the PTF model domain is irrigated by flood (furrow) methods, 
typical irrigation efficiency is assumed by ADWR to be in the range of 65 to 70 percent, which means that 30 
to 35 percent of all water applied to the surface infiltrated beyond the root zone and is recharged to 
groundwater.  Because there is a relatively large volume of irrigation water used within the study area, 
agricultural returns are a significant source of recharge used in the model.  Irrigation return data used in the 
model were compiled by ADWR for the ongoing update of the Pinal AMA groundwater flow model and 
were provided by ADWR on a provisional basis for use in the current PTF groundwater flow model.  
Agricultural return model input values are discussed in Section 14A.4.7.  
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14A.3.3.2 Outflows 

14A.3.3.2.1 Groundwater Pumping 

Groundwater pumping is the principal outflow of groundwater within the study area.  Pumping for irrigation 
generally makes up more than half of the groundwater extracted from the aquifer on an annual basis.  
Groundwater pumping data used in the model were compiled by ADWR for the ongoing update of the Pinal 
AMA groundwater flow model and were provided by ADWR on a provisional basis for use in the current 
PTF groundwater flow model.  Pumping data from 1984 to 2006 was compiled by ADWR from San Carlos 
Irrigation Project (SCIP) reports and from the Registry of Groundwater Rights (RoGR) database.  Pumping 
data after 2006 was compiled by Brown and Caldwell from the ADWR wells 55 database, specifically the 
pump-year data within that database.  Annual groundwater extraction within the study area ranges from 
21,100 to 73,100 AFY. 

14A.3.3.2.2 Evapotranspiration 

Evapotranspiration is associated with vegetation along the Gila River.  Due to the depth of the water table, 
evapotranspiration from the aquifer is minimal.  Significant evapotranspiration only occurs during flood years 
when water levels in, and adjacent to, the Gila River channel are higher than the evapotranspiration extinction 
depth.  Evapotranspiration data used in the PTF groundwater flow model were compiled by ADWR for the 
ongoing update of the Pinal AMA groundwater flow model and were provided by ADWR on a provisional 
basis for use in the current PTF groundwater flow model.  The evapotranspiration rate used by ADWR 
(1990) is discussed in Section 14A.4.7.    

14A.3.3.2.3 Underflow 

The PTF model domain does not encompass the entire Eloy sub-basin; consequently, underflow identified by 
ADWR (2010) does not represent underflow simulated at the perimeter of the PTF study area.  Underflow 
out of the 124 square mile study area is comprised of underflow from the study area toward the south and 
west into the broader Eloy sub-basin, and underflow northward into the SRV.  Estimates of underflow were 
calculated by examining measured groundwater gradients over time. 

14A.3.4 Groundwater Elevations and Gradients 

Hammett (1992) reported that prior to about 1900, the groundwater system in the PTF study area was in 
dynamic equilibrium, with the amount of water entering the groundwater system approximately equal to that 
extracted, with no appreciable change in storage.  During the pre-development period (circa 1900), the 
general direction of groundwater flow through the PTF study area was from the east-southeast to the west-
northwest, with a gradient of 8 or 9 feet per mile (Hammett, 1992). 

By the 1980s, the groundwater flow direction and gradient had changed from that observed in the pre-
development period (circa 1900) to a more pronounced southeast to northwest pattern, toward areas of 
greatest groundwater pumping.  By the 1980s flows in the Gila River had also been eliminated in all but the 
wettest years, limiting infiltration of river water into the basin-fill sediments to periods of flooding. 

In 1995, Brown and Caldwell (1996a) observed that groundwater flow was generally to the northwest at an 
approximate gradient of 33 feet per mile in alluvial units in the northern portion of the PTF study area.  
Montgomery (1994) reported the hydraulic gradient across the proposed PTF well field to range from 
approximately 25 to 65 feet per mile in the UBFU and LBFU. 

Beginning in the fall of 1995, Brown and Caldwell has conducted quarterly water level monitoring at the 
proposed PTF well field in conjunction with a quarterly groundwater quality monitoring program.  
Observations resulting from the water level monitoring program are described below. 
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Seasonal changes in groundwater elevations and flow direction were observed in each of the water producing 
zones beneath the PTF site.  Seasonal fluctuations in groundwater elevations in the LBFU and Oxide Zone 
have been as great as 20 feet, but typically range between 10 and 15 feet in magnitude.  Seasonal fluctuations 
in groundwater elevations in the UBFU are less pronounced, ranging between 5 and 8 feet. 

Hydrographs depicting seasonal groundwater elevation changes at the PTF site during the years 1996 through 
2011 are included in Attachment 14C Figures 14C-1 through 14C-31. 

Potentiometric surface maps depicting groundwater elevations and flow directions at the PTF site during the 
years 1996 through 2011 in each of the three water bearing units beneath the PTF site are included in 
Attachment 14C Figures 14C-32 through 14C-46. 

Recent hydrographs depicting groundwater elevations in four key wells located at and near Curis Arizona 
property are shown on Figure 14A-12.  These wells were selected as key wells based on the relatively 
extensive length of the monitoring record, and the distribution within the active portion of the model 
domain.  The water level data plotted in Figure 14A-12 was obtained from the ADWR GWSI database.  

Regional potentiometric maps depicting groundwater elevations and flow directions in the vicinity of the PTF 
site are included in Attachment 14C Figures 14C-1 through 14C-31.  Current (December 2010) groundwater 
gradients within the PTF study area range between approximately 12 feet per mile in the eastern and southern 
portions of the study area, to approximately 22 feet per mile in the northern portion of the PTF study area.  
Groundwater gradients at the site of the proposed PTF well field range between approximately 11 feet per 
mile in the UBFU and approximately 22 feet per mile in the Bedrock Oxide Unit, with a northwest 
groundwater flow direction in the UBFU, LBFU, and Oxide Zone. 

14A.4 Production Test Facility Groundwater Model 

14A.4.1 Production Test Facility Model Development 

The conceptual model described above was used as the basis to develop a numerical, three-dimensional (3-D) 
groundwater flow model that is representative of groundwater flow conditions within the PTF study area.  
The model development process consisted of the generation of both regional and local scale 3-D geologic 
models, which were then imported into the groundwater modeling software along with estimates of aquifer 
hydraulic properties and components of the hydrologic water budget.  Once the model was refined and 
calibrated, it was used to simulate pre-development (or steady state), historic, present day, and predicted 
future groundwater conditions under a variety of operating and closure scenarios. 

This section summarizes model specifications, model development, and the methods and assumptions used 
for estimating initial numerical model inputs.  An overview of the numerical model specifications are 
presented in Table 14A-3. 

14A.4.2 Computer Code Description 

The computer code used to simulate both groundwater flow and solute transport was MODFLOW-
SURFACT™ (Version 3.0), a modular, finite-difference, 3-D groundwater modeling program based on the 
U.S. Geological Survey (USGS) code MODFLOW (HydroGeoLogic, Inc., 1996; Harbaugh et al., 2000).  
MODFLOW-SURFACT™ adds additional features to the MODFLOW code in order to better simulate 
desaturation/resaturation of aquifers as well as unsaturated flow conditions.  MODPATH (Pollock, 1994) 
was used in conjunction with the results from the groundwater flow model to perform particle tracking 
simulations, which estimate the travel distances of the recharged water.  Groundwater Vistas™ Version 5.48 
(Environmental Simulations, Inc. [ESI], 2008) was used as the pre- and post-processor and was coupled with 
ArcGIS™ (ESRI, 2006) to facilitate the development of input files and analyses of model output.  The 
generation of 2-D gridded and contour data by geostatistical interpolation techniques (i.e., kriging) was 
performed using the Surfer® software package (Golden Software, Inc., 2008), which produces output that 
can be imported into the numerical model or geographic information system (GIS). 
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The transport and migration of sulfate was modeled using the Analysis of Contaminant Transport (ACT) 
modules, which are fully integrated and consistent with MODFLOW SURFACT™ (HydroGeoLogic, Inc., 
1996).  These modules are fully integrated with the MODFLOW-SURFACT code and greatly expand the 
capabilities of traditional MODFLOW-compatible solute transport modules by running simultaneously with 
the MODFLOW-SURFACT flow solution and allowing for advanced solute fate and transport mechanisms 
to be considered explicitly within the fully integrated MODFLOW flow solution. 

14A.4.2.1 Solution Techniques 

MODFLOW-SURFACT™ supports two solution packages: the Preconditioned Conjugate Gradient 
Version 4 (PCG4); and Version 5 (PCG5).  All model simulations presented in this report were generated 
using the PCG5 package. 

14A.4.2.2 Assumptions 

MODFLOW uses a finite-difference numerical method for solving a form of the 3-D groundwater flow 
equation.  This technique essentially solves for hydraulic head by discretizing the flow domain into a 
computational grid composed of orthogonal blocks, with a node located at the center of each block.  In 
general, the finite-difference approximation assumes that all hydraulic parameters, stresses, and inputs are 
constant over the area of a single cell and over the time elapsed during a stress period.  Likewise, calculated 
hydraulic head and groundwater fluxes are also averaged over the areal extent of a single cell.  Using the 
model for a specific application requires the definition of boundary and initial conditions, estimates of key 
hydraulic parameters, and groundwater inflows and outflows as a function of time. 

14A.4.2.3 Limitations 

Numerical solutions using MODFLOW-SURFACT™ are dependent upon the scale of the model grid, the 
time frame of interest, and the behavior of the various model inputs and boundary conditions.  For large-
scale applications such as the PTF Model, results may have limited usefulness in investigating groundwater 
issues with: 1) spatial scales smaller than a single cell or small grouping of cells; and 2) substantially varying 
groundwater stresses or inputs at a time scale less than a single stress period.   

Model cells are sized at 500 feet by 500 feet at the model periphery and telescope down to 12.5 feet by 
12.5 feet in size at the model center.  At 4.5 acres, the PTF well field represents roughly 1,254 model cells in 
size.  Consequently, the model grid discretization is fine enough to appropriately simulate groundwater 
conditions at the PTF well field scale and the domain is sufficiently large to ensure that regional and sub-
regional factors are considered in those simulations. 

Model stress periods vary in length.  Input datasets available from ADWR and other sources are typically 
compiled at annual intervals rather than monthly, weekly, or smaller time increments.  Input datasets were 
kept at one year intervals, and stress periods of various shorter lengths were used to simulate the 23-month 
active pumping period and portions of the five year post pumping closure period.  The model stress periods 
of one year are sufficient to simulate the impacts of PTF activities five years after closure. 

Large water level changes that are basin-wide, or intersect model boundary conditions, have the potential to 
introduce some error into the model results along basin boundaries due to large numbers of dry cells and 
losses of groundwater stresses, such as pumping or recharge.  However, such large water level changes within 
the Eloy sub-basin are more likely to occur during predictive scenario time periods based on committed 
demands and other administrative conditions rather than during the historical, transient time period to which 
the model was calibrated.  No large water level declines and associated loss of stresses were observed in the 
predictive model runs. 
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The finite-difference solution technique also assumes that the majority of groundwater flow occurs 
orthogonal to the cell faces, and error can be introduced into the simulation if significant vertical or oblique-
angle flow components are evident within a single layer at a local scale.  Extrapolation or interpolation of the 
model results over large time frames are subject to uncertainties inherent in long-term, transient, predictive 
model stresses.  Such uncertainties arise from differences in population growth and climatic conditions 
relative to predicted values for related groundwater pumping or recharge parameters.   

The use of a finite-difference modeling scheme applies stresses and inputs to the model evenly across a model 
cell.  Likewise, hydraulic parameters are uniform within a model cell, limiting the resolution of the model to 
the size of the grid.  The grid cell spacing for the PTF Model has a minimum 12.5 feet by 12.5 feet, equal to 
178,421 cells per square mile.  Model results, such as groundwater elevations or drawdown are also averaged 
across each model cell and may not be appropriate for assessing conditions at a small scale adjacent to major 
pumping stresses. 

14A.4.3 Model Domain  

The areal extent of the active PTF groundwater model domain is shown on Figure 14A-10.  The domain 
includes the PTF site and an area that extends at least five miles from the Site in all directions.  This domain 
was chosen because it includes a sufficient portion of the Eloy sub-basin to include key hydrographic features 
and boundaries affecting the PTF site and the immediate vicinity.  The PTF model domain extends from the 
Santan Mountains on the west, to the Tortilla Mountains on the east, and straddles the boundary between the 
Eloy sub-basin and the ESRV.  The PTF model domain is 10.4 miles across from north to south, and 
approximately 12 miles across from east to west, covering a total area of approximately 124 square miles.  The 
northernmost portion of the PTF model domain extends approximately three miles into the ESRV, with the 
southern seven miles extending into the Eloy sub-basin.  

Within this domain, mountains and mountain front regions are considered to be “no-flow” areas and are 
represented numerically as inactive cells.  Areal extent of the entire active PTF model domain is 
approximately 97 square miles.   

No continuity issues related to joining the boundaries of the ADWR Pinal and Phoenix AMA groundwater 
models were encountered.  No such issues were encountered because no effort was made to join and run the 
Pinal and Phoenix AMA models together to create the PTF groundwater model.  The 125 square mile PTF 
model domain only covers a very small fraction of the larger Pinal and Phoenix AMA groundwater model 
domains, which cover a combined area of approximately 6,600 square miles.  The effort required to join and 
run the Pinal and Phoenix AMA models was not warranted to simulate groundwater conditions at, or in the 
vicinity of the PTF site. 

Approximately 20 percent of the PTF model domain lies within the domain of the 1994 Phoenix AMA 
model; the remaining 80 percent of the model domain lies within the Pinal AMA groundwater model domain.  
Grid discretization, layering, and boundary conditions from the Phoenix AMA model were not incorporated 
into the PTF Model, but were analyzed to develop an understanding of ADWR interpretations of geologic 
and hydrologic properties.  Layering and boundary conditions from the Pinal AMA groundwater model were 
incorporated at the periphery of the model domain.  Updated geology and temporal head distributions 
recently developed by ADWR for the Phoenix and Pinal AMA groundwater model were used for 
construction and calibration of the PTF Model.   

During calibration of the PTF Model, both model heads and fluxes across the northern boundary were 
reviewed against the Phoenix and Pinal AMA model heads and fluxes for the same time period.  This 
comparison was one of many such comparisons performed during calibration of the PTF Model and showed 
that heads and fluxes predicted by the PTF Model and the Phoenix AMA model were consistent. 
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14A.4.3.1 Units and Coordinate System 

The PTF Model uses linear units of feet, temporal units of days, and all model features georeferenced within 
the State Plane NAD27 Central Arizona projection.   

14A.4.3.2 Boundary Conditions 

As stated previously, ADWR is in the process of updating the Pinal AMA groundwater flow model and has 
made selected data supporting that update available for use on a provisional basis for the PTF groundwater 
model.  ADWR no-flow boundaries were generally maintained along the front of the Santan and Tortilla 
Mountains, and a dewatered area of approximately five square miles in the southeastern portion of the 
domain.  No-flow boundaries to the northwest and northeast were refined from the ADWR data during the 
model layering process.  Areas within the interior of the PTF model domain that were too thin for saturation 
were converted to no-flow.   

GHBs were placed to represent the underflow from the Pinal AMA to the Salt River AMA to the north, and 
flow to the broader Eloy sub-basin in the southwest.  Reference heads for the GHBs were set to approximate 
groundwater elevations two miles away from the PTF model domain.  GHB cell widths, lengths, and 
thicknesses correspond exactly to individual grid cell dimensions.  Hydraulic conductivity for all GHBs was 
set to the hydraulic conductivity values for each model layer.  During model calibration, GHB reference 
heads were adjusted to produce a groundwater flow regime representative of regional water level elevations 
and gradients over time.   

14A.4.3.3 Model Grid Discretization and Layering 

The PTF Model grid consists of 298 rows and 305 columns covering an area of approximately 124 square 
miles.  Grid cell spacing has a minimum discretization of 12.5 feet by 12.5 feet in the area of the PTF site and 
telescopes out to 500 feet by 500 feet at the edges of the PTF model domain.  The model grid for the entire 
study area is shown on Figure 14A-13, and the grid in the vicinity of the proposed PTF well field is shown on 
Figure 14A-14.  The model is georeferenced in the coordinate system as noted in Section 14A.4.3.1. 

The hydrostratigraphy of the PTF Model is divided into 10 layers.  The top of the highest active layer at any 
location within the model represents ground surface.  Elevations were interpolated from a 30-meter Digital 
Elevation Model (DEM). 

Layers 1 and 2 represent the UBFU, layer 3 represents the MFGU, and, layers 4 and 5 represent the LBFU.  
Layers 6 through 10 represent the Bedrock Oxide Unit, with layer 6 representing the uppermost 40 feet of 
that unit, which is excluded from injection.   

Data used to determine layer contact elevations and extent was obtained from historic on-site corehole data 
(SRK, 2010), on-site well lithologic logs (Brown and Caldwell, 1996a), and geologic layering of the Pinal AMA 
model (ADWR, 1990).  The historic site corehole database includes Rock Quality Descriptions (RQD) data 
generated by previous owners of the Site of the past 40 years, and includes data from approximately 
700 on-site or near-site coreholes.  On-site well lithologic logs were developed in 1994 and 1995 when Brown 
and Caldwell (1996a) drilled and installed 52 exploratory wells and observation wells at the PTF site.   

In the vicinity of the PTF site, the corehole database was used to define the extent and thickness of the 
UBFU, MFGU, LBFU, and Bedrock Oxide Unit.  Throughout the remainder of the PTF model domain, the 
extent and thickness of the UBFU, MFGU, and LBFU were derived from the Pinal AMA (ADWR, 1990) and 
SRV (ADWR, 1993) groundwater flow models.   

The Bedrock Oxide Unit is not identified within the Pinal AMA model (ADWR, 1990) as a water bearing 
unit.  The extent and water bearing characteristics of the Bedrock Oxide Unit are defined entirely by data 
collected on site and near site during mineral exploration and ore body characterization activities.  The extent 
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and depth of the Bedrock Oxide Unit was interpolated from RQD data included in the historic corehole 
database, and was truncated or pinched out at appropriate structural features near the edges of the available 
corehole data coverage.  Bedrock beneath the Bedrock Oxide Unit and beyond the extent of the corehole 
data coverage is considered to be impermeable. 

14A.4.4 Stress Periods  

The calibrated model consists of 28 annual (365.25 days) stress periods from 1984 to 2010.  Stress period 1 is 
a steady state stress period that precedes the transient portion of the model representing conditions in 1900.  
Stress periods 2 through 28 represent the 1984 to 2010 time period.  The Adaptive Time-Stepping and 
Output Control (ATO4) package was utilized allowing for automatic time step generation.  Time steps were 
allowed to fall to a minimum of 0.1 days and grow to a maximum of 200 days using a 1.2 multiplier.   

The predictive model simulates the time period from 2012 through 2014, and consists of seven stress periods 
of various lengths.  The first two stress periods include 14 months of PTF operational pumping, and 
9 months of PTF well field rinsing.  The last five stress periods a one year in length and represent the 5-year 
closure period.  The ATO4 package was utilized to optimize time step sizes and improve model performance. 

14A.4.5 Initial Conditions 

The steady state stress period 1 uses the drain down method to solve for a steady state head array.  Since this 
array represents conditions from 1900, these heads are not allowed to carry over as starting heads for the 
transient portion of the model.  Instead water levels for the year 1984 were obtained from the GWSI 
database.  These data were then spatially interpolated, contoured, and attached to model grid nodes to serve 
as initial heads for the beginning of the transient portion of the model simulation.  Water table elevations 
were used for starting heads in every model layer.  Initial water level elevations are shown on Figure 14A-15. 

14A.4.6 Hydraulic Parameterization 

Horizontal hydraulic conductivity, vertical hydraulic conductivity, specific storage, specific yield, and porosity 
were used by ADWR in the Pinal AMA model (ADWR, 1990) for layers 1 through 5.  In layer 3 where the 
MFGU pinches out to the east, the model was assigned values associated with the UBFU rather than those of 
the MFGU because as bedrock elevations rise, the LBFU thins in this area.  Bedrock Oxide Unit and fault 
hydraulic conductivity and porosity values were derived from aquifer tests conducted in 1994 and 1995 
(Brown and Caldwell, 1996a).  Figures 14A-16 through 14A-25 show the hydraulic conductivity distribution 
for each model layer. 

14A.4.7 Sources and Sinks 

The PTF Model contains groundwater sources of recharge and underflow.  Groundwater outflow is 
represented in evapotranspiration (ET), wells, and underflow.  Recharge was directly imported from the 
ADWR Pinal AMA model.  The ADWR recharge array represents recharge from the Gila River, agriculture, 
canals, Gila River Indian Community, and Picacho effluent.   

To estimate recharge derived from Gila River flows, ADWR calculated the difference between flow at the 
Ashurst-Hayden Spilled and Sluiced gage and the Laveen or Maricopa gage (Maricopa was used post-1995), 
and distributed it in a non-linear fashion across each reach of the river based on reach specific parameters.  
This method assigns a fixed percentage of Gila River recharge to each model cell based on the length of river 
segments assigned to each model cell, relative to the total length of the river within the model domain.  The 
ADWR methodology results in larger volumes of Gila River derived recharge to the regional aquifer system 
in the upper reaches of the river, which is consistent with physical observations of conditions in the 
groundwater basin.   
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Recharge values included in the ADWR recharge array for the year 1993 are provided as example estimates of 
groundwater recharge derived from Gila River flow during that year.  Gila River flow in 1993 was more than 
six times greater than the long-term annual average flow, and was greater than any recorded annual flow 
before or since.  For the year 1993, the ADWR recharge calculation method yields a recharge range of 
approximately 447 to 17,363 acre feet per model cell for the uppermost 25 miles of the Gila River, and 74 to 
9,986 acre feet per model cell for the lower 25-mile portion of the Gila River.   

In the vicinity of the PTF site, groundwater recharge derived from Gila River flow during 1993 ranged from 
6,930 to 12,221 acre feet per model cell.  In the ADWR groundwater model, four model cells measuring 
0.5 miles square are located adjacent to the south side of the PTF site.  This recharge represents a small 
fraction of the total recharge of approximately 364,400 acre feet received from the Gila River within the 
125 square-mile domain of the Curis Arizona groundwater model for the year 1993. 

The Gila River induced recharge calculated by ADWR was reduced by half for input into the Curis Arizona 
groundwater model based on the assumption that Gila River flood flows during that year reached a limiting 
condition with respect to the amount of recharge that was able to infiltrate to the regional aquifer system.  
This adjustment was made to the ADWR recharge value for 1993 because direct application of the ADWR 
recharge for that year caused groundwater elevations to rise significantly higher than observed levels.  The 
ADWR recharge values were not adjusted for any other year of the 28-year simulation period. 

In 2010, total recharge within the model domain was 35,405 acre feet.  The total recharge for 1993 within the 
model domain was 184,254 acre feet after adjustment.  

Evapotranspiration was also imported directly from the ADWR Pinal AMA model.  Evapotranspiration was 
applied in the western portion of the model along the Gila River with a rate of 0.015 feet per day, with a 
30-foot extinction depth.  However, this extinction depth results in little evapotranspiration in the model. 

GHBs represent underflow into the SRV to the north and underflow to and from the remainder of the Eloy 
sub-basin in the southwest. 

Provisional data provided by ADWR (2010) included pumping values derived from SCIP reports for the 
period of 1984 to 2006.  These data were then extended to 2010 by assuming 2006 pumping values for 2007 
through 2010.  ADWR (2010) also used pumping data from the RoGR database for 1984 through 2006.  
These pumping values were not extended into 2010; instead pumping data for 2007 and 2008 were obtained 
from the pump-year dataset within ADWR’s wells 55 database.  The 2008 pumping values obtained from the 
pump-year dataset were then extended for 2009 and 2010.  Model water budget elements within the study 
area are shown on Figure 14A-26. 

14A.5 Model Results and Calibration 

14A.5.1 Approach 

Calibration is the process of adjusting model parameters to achieve a good match between the simulated and 
observed hydraulic heads or other relevant hydrologic data such as water budget components.  These 
observed data are called calibration “targets”.  Initial estimates for hydrogeologic parameters are varied within 
an observed or estimated range of values to improve the model’s ability to simulate these targets. 

The calibration exercise is completed prior to performing predictive simulations to provide confidence that 
the model is capable of simulating the historical and observed groundwater conditions.  The range of 
plausible estimates for hydrogeologic parameters provides constraints on the calibration exercise to ensure 
that inputs remain defensible, and to limit the non-unique nature of the model results to a set of realistic 
input conditions.  The adjustable model variables include hydrogeologic parameters such as hydraulic 
conductivity, specific storage, and specific yield. 
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The model was calibrated from 1984 through 2010.  Additionally a qualitative steady state calibration was 
performed for conditions in 1900.  Water level elevations from the GWSI database and PTF site water level 
monitoring data were used as calibration targets.    

14A.5.2 Qualitative Calibration 

Prior to the calculation of calibrations statistics, a qualitative review of the model-calculated flow regime was 
performed to assess the general groundwater flow system and to provide a subjective indication of the 
agreement between model-calculated groundwater elevations and flow gradients relative to observed 
conditions.  This qualitative review was performed for the steady state simulation as well as the initial set of 
transient calibration simulations. 

Initially, a steady state calibration was used to match regional groundwater levels across the PTF model 
domain by adjusting the GHB conditions.  Steady state water levels for the year 1900 provided by ADWR 
were used as the qualitative calibration target.  Steady state water levels range from a high of approximately 
1,500 feet amsl where the Gila River enters the PTF model domain, to a low of approximately 1,380 feet amsl 
where the Gila River exits the model.  Model simulated water levels generally had good agreement between 
regional groundwater elevations and flow directions.  Groundwater flow proceeds from the east and 
southeast edges of the PTF model domain towards the west and northwest.  This flow regime is consistent 
with the conceptual model, which assumes that the bulk of model inflows are from Gila River flows and 
incidental recharge from irrigated lands within the PTF model domain.  The dominant outflow components 
are groundwater underflow along the north and west model boundaries, where the model domain adjoins to 
the regional aquifer systems for the SRV and central Pinal AMA groundwater basins, respectively.   

14A.5.3 Simulated Water Levels and Quantitative Calibration 

The quantitative analysis of the model calibration utilized both statistical measures of model residuals and 
direct comparisons of simulated and observed water levels to assess the accuracy and precision of the PTF 
modeling tool.  Variations between the simulated and observed water levels were analyzed as functions of 
space and time.   

14A.5.3.1 Calibration Statistics and Targets 

Groundwater elevations and depths to water recorded for monitoring well locations within the model domain 
were compiled in a GIS-compatible database (geodatabase).  The integration of the water levels with GIS 
coverages of well locations allows for the interpretation of water level trends both spatially and temporally 
during the model development and calibration process.  Two sources of observed water levels were 
combined into the PTF Model water level geodatabase: 1) ADWR’s GWSI database; and 2) the water level 
database for the PTF site that has been maintained by Brown and Caldwell since 1995.  The compiled water 
levels were used to develop interpolated water level distributions at various times and serve as target values 
for the quantitative model calibration.  The recorded water levels from ADWR’s GWSI database were 
primarily used during the calibration of the regional groundwater flow regime; whereas, the more localized 
and higher resolution distribution of water levels and monitoring wells from the PTF database were used in 
refinement of the localized calibration for the refined portion of the model grid surrounding the PTF well 
field. 

Although water levels from wells located outside of the PTF model domain were used to conceptualize 
regional flow conditions and identify temporal water level trends along model boundaries, these data were 
removed from the final target data set.  Likewise, water level data from wells located within model no flow 
areas were also removed, as no simulated water levels were produced for these areas.  Target wells were 
assigned to specific model layers based upon their total depths and assumed or known screened intervals to 
improve the vertical resolution and accuracy of the final model calibration. 
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Following calibration of the model to industry accepted standards (Anderson and Woessner, 1992), water 
levels from wells located within cells that had “dried out” by the end of the simulation were also removed 
from the target data set.  These wells were all located in regions of the model where saturated aquifer units 
thin to the point where they should no longer be considered to be significant component of the regional 
aquifer system.   

Generally, American Society of Testing Materials (ASTM) standards were followed whenever possible during 
the quantitative calibration of the model (ASTM, 2008).  During calibration, residuals are calculated to assess 
the “fit” of the model-calculated (or simulated) heads to those actually observed.  A residual is defined as the 
observed (or field-measured) water level minus the simulated water level at the same location.  Positive 
residuals represent a model-calculated head value that is lower than the observed head value, and negative 
residuals represent a model-calculated head value that is higher than the observed value.  A residual value of 0 
represents a perfect fit between the model-calculated and observed values.  During calibration, the goal is to 
minimize the residual statistics while remaining within the acceptable range for water budget components, 
hydraulic parameters, and flow regime requirements. 

Plotting the residuals on a map with simulated water level contours provides an indication of the spatial 
distribution of model error and helps guide the calibration process.  Trends in the distribution of error, such 
as clusters of values that are all too high or too low, indicate spatial bias.  The spatial distribution of PTF 
model residual values for 2008-2010 is shown on Figure 14A-27 along with simulated water levels.  From 
review of the residual distribution for this time frame as well as all simulated model time frames, no 
substantial spatial bias was observed that would significantly affect the results of predictive simulations. 

Calibration statistics based on the residual values are used as a quantitative measure of the overall ability of 
the model to match calibration targets.  Calibration statistics that were calculated to quantify the average error 
included:   

 Absolute Residual Mean (ARM), the arithmetic average of the absolute value of the residuals; 

 Residual Mean (RM), the arithmetic average of the residuals; and 

 Residual Standard Deviation (RSD), the standard deviation of the residuals. 

When the ratio of the ARM to the range of observed head values in the system is small, discrepancies 
between simulated and observed values comprise only a small part of the overall model response (Anderson 
and Woessner, 1992).  One of the goals of the quantitative calibration process was for the ratio of the ARM 
to the range in observed heads to be less than five percent for any given calibration period.  Total interpreted 
head change across the PTF model domain is approximately 400 feet based on the range of observed heads 
over the full 28-year model simulation time period; therefore, the ARM should be less than 20 feet to meet 
this goal.  A listing of the key calibration metrics for the PTF Model is presented in Table 14A-5.  All 
calibration statistics and metrics are reflective of the water level target values for the entire simulation time 
period of 1984 through the end of 2010.  The ARM is approximately 12 feet, producing a ratio of ARM to 
observed head range of three percent, well below the predefined calibration goal.  The principle industry 
standards for model calibration are an ARM/Head Range of less than 5 percent and a RSD/Head Range of 
less than 10 percent.  Model calibration metrics are well within industry standard guidelines for successful 
model calibration.   

14A.5.3.2 Simulated Water Level Conditions 2010 

Simulated water levels at the end of the calibrated model simulation time frame (end of 2010) are shown on 
Figure 14A-27.  The model reproduces the general flow gradients and absolute water level elevations 
throughout the PTF model domain.  Simulated flow gradients are generally directed along the course of the 
Gila River and flow exits the PTF model domain along the northern and western GHBs.  By the end of the 
simulation time period, groundwater underflow into the PTF Model is observed along the southern model 
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boundary.  Localized pumping and Gila River recharge produces a saddle-shaped water table feature in the 
central portion of the PTF model domain, causing diverging flow gradients to the north towards the PTF site 
and towards the south and the central portion of the Pinal AMA regional aquifer system.  Overall, the 
simulated groundwater conditions match the conceptual understanding of the water levels and flow within 
the Eloy sub-basin, as well as matching observed water level measurements. 

14A.5.3.3 Simulated Water Budget 

The simulated water budget for the PTF study area for 1984, 2003, and at the end of the calibrated time 
period in 2010 is presented in Table 14A-6 and for the entire simulation time frame in Figure 14A-28.  Water 
budget components that exhibit the largest changes from 1984 to 2010 include storage, fluxes from general 
head cells, and recharge.  Recharge in 1984 represents a “wetter” year and therefore storage outflows 
represent addition of water to aquifer reserves.   

Inflows from storage in 1984 were very low or negligible because that year followed a high precipitation year 
during which the Gila River experienced extremely high flood flows.  These flows and high precipitation 
caused a large amount of groundwater recharge along the course of the river and also caused a reduction in 
the amount of agricultural pumping.  The net effect was that groundwater levels rose throughout the model 
area, hence the large amount of storage outflows (refilling of the regional aquifer) and no storage inflows (no 
net aquifer depletion).  The recharge and pumping reduction was so pronounced for this year that there was 
no simulated groundwater depletion at the spatial scale of the model cells.  Higher fluxes in the general head 
cells in 1984 corroborate with higher water levels and increased flows out of the study area. 

In the lowest recharge year of the simulation time frame (2003), storage inflows represent depletion of the 
aquifer, pumping increases, and there is a drastic reduction in general head flux out of the study area 
compared to 1984.  Although 2003 was a dry year, the relatively higher GHB flux out of the study area 
represents continued drain down of recharge received in earlier years.  The year 2010 has recharge value 
typical of an average year and fluxes adjust accordingly compared to 1984 and 2003. 

14A.6 Predictive Simulations      

The calibrated PTF Model was adjusted to simulate and predict future conditions at and in the vicinity of the 
PTF well field.  This was accomplished by keeping all model groundwater fluxes at 2010 magnitudes and 
distributions and shifting the time frame to cover a specified future period of time.  Two predictive scenarios 
were developed to assess 1) the migration potential of groundwater away from the PTF well field using a full 
fate and transport model and advective particle tracking, and 2) the impact of groundwater containment 
pumping over the estimated, cumulative 23-month timeframe of PTF activities and rinsing periods.  

14A.6.1 Predictive Scenario Development 

Two predictive scenarios were developed that differ primarily by the presence or absence of containment 
pumping at the PTF well field over a 23-month timeframe.  These two scenarios and associated simulations 
are identified as “pumping” and “no pumping”, respectively.  For the pumping predictive simulation, an 
additional 5 years (2014 through 2019) was included after the initial 23 months to facilitate the simulation of 
potential post-closure sulfate transport.   

Simulation of the future DIA was performed using modeled groundwater conditions that prevailed following 
cessation of PTF pumping.  For the advective particle tracking analysis, the 3-D groundwater flow field at the 
end of the calibrated model (end of 2010) was used to simulate flowpaths after pumping had stopped.  A 
comparison of the results of the PTF pumping and agricultural-only pumping predictive scenarios over the 
23-month PTF well field life allowed the estimation of the impact of PTF pumping on future water levels by 
comparing simulated water levels both with and PTF operations at the end of the 23-month period.   
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14A.6.2 Discharge Impact Area 

The DIA is defined in Arizona Revised Statutes (A.R.S.) § 49-201 as the “potential areal extent of pollutant 
migration, as projected on the land surface, as the result of discharge from a facility.”  The simulated DIA is 
based on the potential areal extent of sulfate migration from the proposed PTF facility following completion 
of copper recovery and restoration activities.  The DIA was defined using sulfate because the proposed 
lixiviant is a sulfuric acid based solution, and over the life of the proposed PTF project, a substantial quantity 
of the lixiviant will be circulated through the associated ore body.  By mass, sulfate comprises the greatest 
quantity of material to be removed during restoration activities.    

Site restoration activities consist primarily of post-production rinsing of the ore body using native 
groundwater to remove residual lixiviant and residual constituents dissolved by the lixiviant.  During 
restoration, rinsing the pH of the residual fluids will rise to the point that it is near background levels.  As the 
pH rises, constituents of interest such as metals will complex out of solution or otherwise precipitate in 
insoluble forms.  There is expected to be sufficient gypsum precipitated in the ore body during PTF 
operations to ensure that sulfate will exist in residual formation water in substantial quantities as the other 
constituents are immobilized by the elevated pH.  Geochemical modeling presented in Attachment 10 has 
demonstrated that no constituent other than sulfate will migrate to the POC after cessation of PTF 
operations. 

Simulation of the future migration of sulfate and delineation of the DIA was performed using the 
MODFLOW SURFACTTM ACT module, described in Section 14A.4.2, fully coupled with the transient 
groundwater flow simulated for the pumping predictive scenario.  Post-closure sulfate mass was allowed to 
migrate through and away from the PTF well field via advection, dispersion, and diffusion for 5 years, 
commencing immediately after the cessation of containment pumping.  The horizontal distribution of initial 
sulfate concentrations is shown on Figure 14A-29.  The discretization of model layers relative to the 
hydrostratigraphic units described above is shown on Figure 14A-30.  Figures 14A-31 through 14A-36 show 
the maximum extent of sulfate migration at the DIA concentration criterion of two milligrams per liter 
(mg/L) above background in each model layer with sulfate concentrations above that level.   

Sulfate transport simulations did not result in any sulfate migration into model layers 1 through 4 
(Figure 14A-30), which represent the upper portion of the LBFU or the UBFU.  Transport simulations 
indicate that following restoration, sulfate generally remains confined to the Bedrock Oxide Unit, with limited 
migration into the LBFU over time.  The maximum extent of sulfate migration in the Bedrock Oxide Unit is 
shown on Figure 14A-37, and for the LBFU on Figure 14A-31   

The DIA is the vertical projection of the maximum aerial extent of sulfate migration from the PTF well field 
at 5 years after closure in all model layers combined.  Combination of the sulfate migration extent in each 
model layer results in a composite image of the maximum horizontal extent of sulfate migration 5 years after 
PTF well field closure.  As described above, beside sulfate, no other residual water quality constituents are 
transported beyond the PTF well field boundary once restoration has been completed.  The DIA as defined 
by sulfate migration 5 years after PTF well field closure is shown on Figure 14A-38. 

14A.6.2.1 Transport Simulation Initial Conditions and Parameters 

Geochemical modeling originally performed by Brown and Caldwell (1996b), and subsequently updated as 
presented in Attachment 10 to this application, has demonstrated that the process of post-production rinsing 
of the ore body to a target sulfate concentration of 750 mg/L, will remove other constituents of interest from 
the ore body to near background concentrations, or below AWQS levels.  For this reason, proposed 
restoration activities include rinsing of the ore body until sulfate concentrations reach a level of 750 mg/L, at 
which point restoration will be complete.  Therefore, for the purposes of the transport simulation, this sulfate 
concentration was used as an initial condition and was emplaced in model layers 7 though 10 within the 
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boundaries of the PTF well field (Figure 14A-27).  This distribution of initial sulfate concentrations 
represents the volume of Bedrock Oxide Unit targeted for injection and recovery and excludes the uppermost 
40 feet of the Bedrock Oxide Unit.   

A uniform dispersivity value of 10 feet was used for all model cells, and a uniform diffusion coefficient of 
1 x 10-3 ft2/day was also applied.  The transport of sulfate was assumed to be fully conservative; therefore, 
no solute degradation was considered in the simulation and all model cells were assigned a sulfate distribution 
coefficient of zero.  Porosity of the basin fill porous media, as well as the oxide and fault zones, are presented 
in Table 14A-4 and range from 0.05 for the lower oxide to 0.20 for the LBFU. 

14A.6.2.2 DIA Evaluation Criterion 

The DIA described herein is defined by the Practical Quantitation Limit (PQL), for sulfate concentration as 
determined by USEPA Test Method 300.  The current PQL for sulfate analyses performed by the laboratory 
used for site water quality analyses (Test America, Phoenix) is 2.0 mg/L.  Consequently, the laboratory cannot 
certify sulfate analytical results below this concentration, and cannot reliably reproduce analytical results with 
a precision of less than 2.0 mg/L using USEPA Test Method 300.  Therefore, the greatest areal extent of 
sulfate migration as a result of operation of discharging facilities proposed under this APP application was 
defined at a sulfate concentration of 2 mg/L above background conditions.   

14A.6.2.3 Results of DIA Transport Simulation 

For model layers 1 through 4 (representing the UBFU, MFGU, and upper LBFU) (Figure 14A-28) there were 
no sulfate concentrations simulated to be greater than 2 mg/L above background conditions 5 years after 
closure.  The maximum extent of simulated sulfate concentrations greater than or equal to 2 mg/L above 
background for layers 5 through 10 are shown on Figures 14A-31 through 14A-36.  The simulated maximum 
distance of down-gradient migration of sulfate, approximately 150 feet beyond the edge of the PTF well field 
in the lower bedrock oxide unit (Layer 10).   

Although sulfate appears to migrate from the Bedrock Oxide Unit into the LBFU, sulfate concentrations in 
the LBFU were simulated to be substantially lower than those within the Oxide Bedrock Unit, reaching a 
maximum of less than 10 mg/L above background in a relatively small area (Figure 14A-31).  Sulfate 
concentrations in the Bedrock Oxide Unit 5 years after closure were simulated to be approximately 500 mg/L 
above background concentrations near the center of the PTF well field in model layers 7 through 10.  The 
transport distances and areal distribution of sulfate within the Bedrock Oxide Unit layers are relatively limited, 
migrating only approximately 150 feet down-gradient along the trend of the more permeable Sidewinder fault 
zone. 

14A.6.3 Particle Tracking 

14A.7 Water Level Impacts of ISCR 

Localized water level impact was defined as the change in simulated water levels at seven days after the end of 
PTF operations as a result of pumping within the PTF well field.  Water level impacts were calculated by 
subtracting the simulated water levels of the PTF Pump Scenario from the simulated water levels of the No 
PTF Pump Scenario (agricultural pumping only) after 23 months of future PTF pumping.  Water levels were 
allowed to recover for seven days following the 23 month pumping period.  This analysis of impact reflects 
the relative water level change due to pumping at the PTF well field without bias from regional hydrologic 
declines or increases.   

Pumping at the PTF well field was assumed to be a total of 60 gpm for a period of 14 months, and 260 gpm 
for a period of 9 months, distributed evenly the PTF well field.  This pumping represents the planned over 
pumping necessary to maintain hydraulic control during PTF operations.  To distribute the pumping evenly 
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across the site, four extraction points were used that are not intended to represent production phases or 
operational conditions.  The 43 extraction points represent an evenly spaced array that is used to distribute 
pumping evenly across the Site for the period of PTF operations.  Simulated water levels after 23 months of 
pumping reflect residual water level impact that is less than 1 foot and less than the ability of the model to 
quantify, given that regional water levels fluctuate between 1 and 4 feet in response to recharge form the Gila 
River and agricultural groundwater pumping.  Similar to the residual water level impacts simulated in the 
LBFU, water levels in the Bedrock Oxide Unit after 23 months of pumping are less than regional water level 
fluctuations induced by recharge irrigation pumping stresses, and are therefore indiscernible from background 
fluctuations.  

14A.8 Impacts from Off-Site Pumping 

This groundwater model was developed using site-specific and published regional geologic and hydrologic 
data.  The groundwater model included the most up to date groundwater pumping data available from 
ADWR at the time of model development.  ADWR is the official repository of groundwater data generated 
and reported throughout the State of Arizona.  No other entity, public or private, maintains as thorough or 
current hydrologic datasets, including groundwater pumping datasets, for the State of Arizona. 

As described above, groundwater pumping data used in the PTF Model were compiled by ADWR for the 
ongoing update of the Pinal AMA groundwater flow model and were provided by ADWR on a provisional 
basis for use in the PTF groundwater flow model.  Pumping data from 1984 to 2006 were compiled by 
ADWR from SCIP reports and from the RoGR database.  Pumping data after 2006 were compiled by Brown 
and Caldwell from the ADWR wells 55 database, specifically the pump-year dataset within that database.  
Future groundwater pumping conditions were simulated based on these historical records, and were projected 
into the future using annual stress periods. 

Given that the most current groundwater pumping data available were used to develop the PTF groundwater 
flow model, the groundwater elevation impacts on the proposed PTF facility resulting from off-site pumping 
are already represented in the PTF groundwater model.  Groundwater pumping represented in the PTF 
groundwater model was distributed at the locations identified by ADWR throughout the PTF model domain.  
ADWR assigned groundwater pumping to individual model cells where reporting wells were located.  The 
finite-difference approximation assumes that all hydraulic parameters, stresses, and inputs are constant over 
the area of a single cell and over the time elapsed during a stress period.  Likewise, calculated hydraulic head 
and groundwater fluxes, such as pumping, are also averaged over the areal extent of a single cell.  Within the 
PTF groundwater model, cells sizes range from 500 feet by 500 feet at the model periphery to 12.5 feet by 
12.5 feet in size at the PTF well field, in center of the model. 

Pumping trends, both on and off site were projected for a period of 23 months, using stress periods of 
various lengths.  Based on this simulation, off site pumping does not materially affect groundwater flow 
direction or gradients at the proposed PTF well field relative to current groundwater conditions, and will not 
materially affect PTF operations.   
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APPLICATION FOR TEMPORARY INDIVIDUAL AQUIFER PROTECTION PERMIT 

ATTACHMENT 14A – HYDROLOGIC STUDY PART B, GROUNDWATER FLOW MODEL (ITEM 19.H) 

 

 
 

 

Table 14A-1.  Application Attachments Addressing Hydrologic Study Requirements  
Defined in A.A.C. R18-9-A202A.8 

Requirement Addressed in Attachment 

8.a.i Attachment 14A (This Attachment) 

8.a.ii Attachment 12 

8.b.i Attachment 14A (This Attachment) 

8.b.ii Attachment 14A (This Attachment) 

8.b.iii Attachment 14A(This Attachment) 

8.b.iv Attachment 14A (This Attachment) 

8.b.v Attachment 14B  

8.b.vi Attachment 14B  

8.b.vii Attachment 14B  

8.b.viii Attachment 14B  

8.b.ix Does not pertain to the present application 

8.b.x Attachment 14A (This Attachment) 

8.b.xi Attachment 14A (This Attachment) 

8.b.xii Attachment 14A (This Attachment) 

8.b.xiii Attachment 14A (This Attachment) 
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Table 14A-2.  Measured Hydraulic Conductivity Values for MFGU Samples 

Sample Name Date of Analysis 
Hydraulic Conductivity 

(cm/sec) 
Hydraulic Conductivity 

(ft/day) 

M16-60-300 October 11, 1995 5.0 x 10-9 1.41 x 10-5 

CMP-11-03, 283-288 ft  August 11, 2011 4.4 x 10-9 1.25 x 10-5 

CMP-11-03, 292.5-297.5 ft August 11, 2011 4.3 x 10-9 1.22 x 10-5 

cm/sec = centimeters per second 
ft/day = feet per day 
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Table 14A-3.  Specifications of the PTF Groundwater Model 

Model Characteristics Specifications 

Active Model Domain ~ 97 Square Miles 

Units 
Time: Days 

Length: Feet (lateral and vertical) 

Coordinate System State Plane NAD27 Arizona Central 

Model Grid 
392 rows by 540 columns, 2,116,800 total cells, 1,646,985,860 active cells 

Origin  X: 622750  Y: 716500  (No rotation) 

Cell Size 12.5 x 12.5 feet up to 500 by 500 feet  

Layering –10 Layers 

Layer 1 and 2: UBFU 
Layer 3: MFGU 

Layer 4 and 5: LBFU 
Layer 6: Oxide Exclusion Zone 

Layer 7 through 10: Oxide 

Groundwater Flow Model 
Packages 

MODFLOW SURFACT (ver. 3), BCF4, ATO, BAS, GHB, PG5, RCH, WEL 

Solute Transport Packages Solution Fate and Transport: MODFLOW SURFACT - ACT Modules 

Simulation Time 

Steady State: ~1900 
Transient: 1984 to 2010 

Predictive: 6 Years and 1 month (14 months with hydraulic control pumping at 
the ISCR, 9 months formation rinsing pumping, and 5 years with no hydraulic 

control pumping during closure) 

Stress Periods (SP’s) 
Calibrated Model: 1 Steady State SP; 27 annual transient SPs 

Predictive Models: 7 SPs of varying lengths 

Recharge Variable, ranging from ~14,500 to ~188,200 AFY 

Wells 
General Head Boundaries along the central portion of the northern boundary, 
southern portion of the western boundary, and western portion of the southern 

boundary.  “No flow” conditions along remainder of model boundaries. 

Boundary Conditions Interpolated water levels from observed 1984 groundwater conditions 

Initial Conditions Contoured and kriged water levels from 1984 

Solution Method Preconditioned-Conjugate Gradient 5 (PCG5) 
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Table 14A-4.  Aquifer Parameter Value Ranges by Model Layer 

 

Horizontal 
Hydraulic 

Conductivity 
Kx (feet/day) 

Vertical 
Hydraulic 

Conductivity 
Kz (feet/day) 

Specific Storage 
Ss 

(feet-1) 

Specific Yield 
Sy 

(Unitless) 

Porosity 
n 

(Unitless) 

Layers 1 and 2 
(UBFU) 

20 to 130 2 to 13 1e-5 0.13 to 0.2 0.13 to 0.2 

Layer 3 
(MFGU/UBFU) 

1 to 130 0.01 to 13 5e-6 to 1 e-5 0.08 to 0.2 0.15 to 0.2 

Layers 4 and 5 
(LBFU) 

5 to 25 0.5 to 2.5 1e-5 0.08 to 0.1 0.2 

Layer 6 1 1 1e-5 0.08 0.08 

Layer 7 0.57 0.57 5e-6 0.08 0.08 

Layer 8 0.57 0.57 5e-6 0.08 0.08 

Layer 9 0.1 0.1 5e-6 0.05 0.05 

Layer 10 0.1 0.1 5e-6 0.05 0.05 

Faults 2.51 2.51 5e-6 0.1 0.1 
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Table 14A-5.  Transient Model Calibration Statistics 

 

Residual 
Mean (RM) 

(ft) 

Absolute 
Residual 

Mean 
(ARM) (ft) 

Residual 
Standard 
Deviation 
(RSD) (ft) 

Simulated 
Range of 

Heads 
Values 

(Range) (ft) RM/Range (%) 
ARM/Range 

(%) 
RSD/Range 

(%) 

1984 to 2010 -2.80 12.10 15.61 398 0.71 3.0 3.9 
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Table 14A-6.  Simulated Water Budget Values 

Inflow Source 

1984 Simulated 
Water Budget 

(AFY) 

2003 Simulated 
Water Budget 

(AFY) 

2010 Simulated 
Water Budget 

(AFY) 

Recharge 116,776 14,538 35,541 

Storage - 47,831 12,749 

TOTAL INFLOWS 116,776 62,369 48,290 

Outflow Source 

1984 Simulated 
Water Budget 

(AFY) 

2003 Simulated 
Water Budget 

(AFY) 

2010 Simulated 
Water Budget 

(AFY) 

Evapotranspiration  0 0 0 

Pumping Wells 44,352 54,453 45,010 

General Head 
Boundary  

20,819 8,180 3,900 

Storage 55,183 - - 

TOTAL OUTFLOWS 120,354 62,633 48,910 
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1.0 INTRODUCTION
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This report presents the results of the interpretation of hydraulic tests in the area of Magma Copper

Company's (Magma) proposed in-situ mining project near Florence. Arizona. The purpose of this

report is to provide a technical basis for hydraulic parameter estimation for site characterization in

support of state and federal environmental review and permitting requirements.

This report has been prepared as a technical appendix to the Aquifer Protection Permit (APP)

Application document prepared by Brown and Caldwell (1995). As such, only hydrogeologic

information pertinent to test data interpretation is discussed in this report. The interested reader is

directed to the above reference for additional detail.

The analyses presented in this report are based on standard methods developed in the oil and gas

industry. These methods are applied to data collected and provided by Brown and Caldwell.

Interpretation of the field data is performed with the FLOWDIM™ software of Golder Associates.

This report is divided into three major sections. Chapter 2 presents the mathematical foundation for

the well test analysis. A brief discussion of each test and application of this theory to the aquifer test

at the Florence Site is presented in Chapter 3. Tables and graphical representation of these analyses

are provided in Appendixes A through C. The field <,tata used in these analyses are included in

electronic format in the attached diskette.

1.1 Background

Magma has undertaken field studies to characterize the hydrogeologic conditions near its proposed

in-situ mining site in the Poston Butte porphyry copper deposit. The proposed mine site is located

in the Basin and Range Physiographic Province of southern Arizona, in the Eloy Sub-basin of the

Pinal Active Management Area (AMA), and is about 1 mile southwest of Poston Butte and 2 miles

Golder Associates
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northwest of the Town of Florence, Arizona.

953-2908

The rock units in the study area range in age from Precambrian to Quaternary. The floodplain

alluvium is Quaternary in age and consists mainly of unconsolidated silt, sand, gravel and boulders.

The Cenozoic basin fill deposits have been divided into three major units; the Upper (UBFU),

Middle (MBFU) and the Lower (LBFU) Basin Fill Units. The UBFU is composed of unconsolidated

to weakly cemented, interbedded clay, silt, sand gravel and boulders. The thickness of the UBFU

ranges from 200 to about 500 feet in the vicinity of the mine site. The MBFU is a discontinuous

layer composed by silt and clay that varies in thickness from zero to about 80 feet. Weakly to

moderately cemented sand, silt and clay constitute the lower unit (LBFU). The thickness of this

latter unit varies from less than 50 feet on the east to about 800 feet to the west of the mine site. The

bedrock complex consists of quartz monzonite and granodiorite porphyry, and diabase, basalt and

other volcanic rocks.

Magma has retained Bro~n and Caldwell of Phoenix, Arizona to prepare the APP application for

the Florence in-situ project. As part of this APP-site characterization effort, Brown and Caldwell

has installed forty six (46) monitoring wells and seventeen (17) test wells around the site. Eight (8)

of these wells are completed within the UBF Unit, seventeen (17) within the LBF Unit and thirty

eight (38) within the bedrock complex.. To date, Brown and Caldwell has conducted twenty five (25)

aquifer tests which include monitoring wells as well as test boreholes. Magma requested that Golder

Associates assist Brown and Caldwell with the design and interpretation of the hydraulic tests

required as part of the APP process. Nineteen (19) aquifer test locations were selected for

interpretation. These locations cover the range of typical hydrogeologic conditions observed at the

site. The following sections present an overview of the theory and methods of interpretation, and

the analytical results for a portion of these aquifer tests.

Golder Associates.
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2.0 THEORY AND METHODS OF INTERPRETATION

Well testing provides a means of acquiring knowledge of the properties of hydrogeological

formations. In the process of a well test, a known signal (usually a change in flow rate) is applied

to the formation and the resulting output signal or response is measured (usually in terms of a

change in pressure). Well test interpretation is therefore an inverse problem in that the formation

parameters are inferred by comparing a simulated model response to the measured response. The

formation parameters are derived by adjusting the flow model parameters to obtain a simulation

response that matches the measured data. Clearly, there can be significant ambiguity and non­

uniqueness involved in this process, as more than one flow model with different physical

assumptions and attributes may match the data. In most situations this can be minimized by careful

validation of the selected model using other data.

The overall methodology for the detailed well test analysis of the Florence Project data was as

follows:

the data set was divided into its major components, such as the drawdo\\'TI period

and the shut-in or recovery period;

appropriate parts were then analyzed separately, with different methods of analysis

for flow periods and shut-in periods;

the analyses of the different periods were checked for consistency.

2.1 Analysis of Recovery Period

The analysis of recovery (shut-in) periods is usually based on the assumption that the shut-in period

corresponds to an event of zero flow rate following a fixed period of known finite, constant flow

Golder Associates
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rate. If the flow rate prior to the shut-in period is variable, then this flow history can be included in

the analysis by using the superposition of a number of different but constant flow rates of different

durations.

The next step in an hydraulic test analysis involves the selection of an appropriate flow model. these

models are generally divided into three basic components.

inner boundary conditions (i.e., wellbore storage and skin effects, and fracture flow

effects);

formation flow component (i.e., homogeneous formation, dual porosity, and

composite model);.

outer boundary conditions (i.e., infinite extent condition, no flow or constant pressure

conditions).

In practice, recognition of a suitable model is performed using diagnostic plots. The data are plotted

in different coordinate systems (such as, log-log plots, semi-log Horner plots, etc.) to help the analyst

identify the appropriate model from the shape of the data. One key diagnostic plot is the derivative

plot where the derivative of the pressure with respect to the naturallogarithrn of elapsed time is

plotted against the log of time. The pressure derivative is extremely sensitive to the shape of the

pressure data and as such constitutes the most useful tool for diagnostic purposes. For example, a

horizontal line on a derivative plot (presented in a log-log scale) indicates infinite-acting radial flow

behavior.

Data from shut-in periods are examined in both log-log and semi-log diagnostic plots. This approach

allows the analyst to review the characteristics of the shut-in period. For example, when the effects

of the pre-test injection/extraction flows during drilling are significant. the shut-in pressure data

reach a peak before starting to decline at late time. This form of data is referred to as a "rollover' and

Golder Associates
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can be easily diagnosed on the log-log and semi-log plots. The log-log and the semi-log diagnostic

plots are also used to fit selected portions of the shut-in data with appropriate straight lines and

obtain initial estimates of fonnation parameters.

After the flow model has been selected, the quality of the fit of the data 'With the model response

(called 'type curves') is adjusted by using automated regression methods. During this.stage of the

analysis, the entire data from the selected shut-in period is considered. However, during the final

regression stages, emphasis is always placed on the fit of the type curves to specific portions of the

data. Judgment of the relative goodness of fit to specific portions of the shut-in data comprises one

of the most important aspects ofthe automated data fitting procedure. Once a suitable and consistent

fit of the data is obtained to the type curves, the fit is reviewed for final refinement. The entire

measured data set from the shut-in period generated using the best flow model parameters derived

from the shut-in analysis is displayed in a cartesian plot.

After the flow model has been selected and a consistent set of analysis results obtained, a sensitivity

analysis could be conducted. This exercise is designed to quantify the likely uncertainty in the

estimated hydraulic conductivity. When carried out, it helps to detennine the range of the parameter

within which a reasonably good fit is retained between the model response and the data. The ranges

of this parameter therefore reflect uncertainty in the analysis.

2.2 Analysis of Drawdown Period

If a sufficient hydraulic head change is achieved during the drawdown period, the available data were

analyzed as a constant discharge test. Otherwise, the data were not use in the interpretation.

In an analysis of the main flow period, the source signal is assumed to be in the fonn of an

instantaneous pressure change from undisturbed in-situ conditions. The data for this flow period is

the measured hydraulic head decrease during the test resulting from fluid extraction from the
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fonnation. The analysis used a simple set of type curves which correspond to a single interpretation

model:

.. inner boundary condition: wellbore storage and skin;

fonnation: homogeneous; and

outer boundary condition: infinite lateral extent.

Only one of two parameter sets can be determined from this analysis: hydraulic conductivity and

wellbore skin (the static water level being an input parameter for this analysis) or hydraulic

conductivity and storativity. The best fit of the data to the type curves therefore corresponds to

finding the optimum set of the two output parameters.

The following section (Section 2.3) describes- the general theory underlying hydraulic test analysis.

Section 2.4 presents the governing equations and related assumptions. The parameters for various

flow models are discussed in Section 2.5. Section 2.6 outlines general methods that are applied to

the analysis of hydraulic tests. The reader interested in the specific methodology of detailed test

interpretation is therefore directed to Section 2.6.

2.3 Theoretical Background

The purpose of this discussion is to provide a summary of the mathematical and physical background

of the aspects of well test analysis that are relevant to the Florence Site. The presentation is divided

into three parts:

Part one defines the basic rock and fluid parameters used in the analysis of transient well tests

(Section 2.3.1). The second part presents the 'diffusion equation' that governs the flow in porous
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media. identifies its underlying assumptions, and describes some special solutions (Section 2.4).

Data analyses of Florence hydraulic tests are based on various solutions of the diffusion equation.

Finally, the third part describes the interpretation models that have been applied to analyze the

Florence hydraulic test data (Section 2.6).

Aspects of theoretical well testing have been documented in numerous papers and textbooks. both

in the petroleum engineering and the groundwater literature. The interested reader is directed to the

following summarizing references: Kruseman and de Ridder (1991) and Dawson and Istok (1991)

for theoretical aspects of pump test analyses written mainly for the 'hydrogeology audience' and

Earlougher (1977), Streltsova (1988), Home (1990) and Sabet (1991) targeted mainly at the

'petroleum fonnation evaluation audience.'

2.3.1 Rock and Fluid Properties

2.3.1.1 Porosity and Compressibility

Fluid properties such as water compressibility, density, viscosity, and in some cases the thennal

expansion coefficient, have to be estimated prior to analysis of the test data. Fonnation

compressibility and porosity must be known (or a reasonable value assumed) in order to analyze

transient tests and to obtain estimates for the skin coefficient.

Rock porosity, <1>, is defined as the ratio of the void volume to the total bulk volume. For analysis

of fluid movement the effective porosity of the rock is used. It represents the interconnected volume

of pores available for fluid transport. For the Florence hydraulic tests, it was assumed that the

average porosity of the Oxide and unconsolidated alluvial sediments is 0.05 and 0.10 respectively.

Fractured reservoir rocks can be represented as comprising of two overlapping continua with

different porosities. One is the intergranular matrix porosity and the other is the porosity created by

the void spaces of fractures. These two types of porosity are called primary and secondary porosity
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respectively. The total porosity (or total effective porosity) of the double-porosity system is the sum

of the primary and secondary porosities. Laboratory measurements on various types of fractured

rock have shown that the fracture porosity is usually significantly less than the matrix porosity (von

Golf-Racht, 1982)

The isothennal compressibility of water (and rock) is generally defined as:

1 dV
c = V dplr 2.1

where the derivative is taken under the condition of constant temperature. In Eq. 2.1, V is the total

volume of a given mass of material, and dV is the instantaneous change in volume induced by an

instantaneous change in pressure dP.

The total compressibility of the rock-fluid system with 100% water saturation is made up of two

components;

where:

CT = total compressibility Pa-\

Cw = compressibility of water Pa-\

CR = compressibility of rock Pa-\

2.2

Total compressibility was assumed equal to 5.4 x 10-4 Pa-\ for the analyses of the aquifer tests at the

Florence site. Water compressibility data are readily available as a function of salinity, temperature

and pressure. The correct estimation of the rock compressibility, however, is difficult. Data in the
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literature cited in Belanger et al. (1989) give a possible range of the fractured rock compressibility

as 2.0 x10-9 kPa-' to 2.0 x 10-5 kPa-'.

Specific storage, Ss, of a saturated confined aquifer is defined as the volume of water that a unit

volume of aquifer releases from storage under a unit decline in hydraulic head. This parameter

depends directly on the <PCT product (Earlougher, 1977):

where:

p

g

density of water

acceleration of gravity

m -I

2.3.1.2 Wellbore Storage

Another form of compressibility, of the fluid inside the borehole, is wellbore storage. During a

hydraulic test, wellbore storage causes the downhole flow rate to change more slowly than the

surface flow rate. The borehole storage is equal to the change in the volume of fluid in the wellbore,

per unit change in the downhole pressure. The wellbore storage coefficient is defined by

c = ~v
~p

2.4

noting that ~V refers to the change in volume of fluid inside the wellbore, and ~p refers to the

change in the downhole (borehole) pressure.
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In a wellbore with a changing fluid level (for example during a constant rate pumping period) the

wellbore storage coefficient is given by:

where:

1I:r 2 =t

pg

c
pg

volume of tubing per unit length

change in pressure per unit length

2.5

When the fluid level is fixed (for example during a shut-in period) the wellbore storage coefficient

is given by

2.6

where Vw is the test section volume (h is the test section length and rw the wellbore radius) and Cww

is the compressibility of the water in the wellbore. The wellbore storage coefficient varies by orders

of magnitude depending on the mode of storage within a test. For example, assuming pg = 10

kPa/m, h = 50 m, rw = 0.079 m, rt = 0.035 m and Cww = 4 X10,7 kPa'l, values ofC from equations

2.5 and 2.6 are calculated to be 3.8 xlO-4 m3/kPa and 3.9 X 10,7 m3/kPa, respectively.

2.3.1.3 Permeability and Hydraulic Conductivity

The estimation of hydraulic conductivity was the primary objective of the aquifer testing at the

Florence site. This parameter is related to both the fluid and fluid transmitting characteristics of the

formation. This relationship can be illustrated through the well-known Darcy equation:
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where:

11

q = -K dH
dL
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2.7

q = Darcy flux ms· l
,

K = hydraulic conductivity ms·1,

dHidL = hydraulic gradient unitless,

H = hydraulic head m,

L length or distance m.

The Darcy flux assumes that flow occurs over the entire flow area. In other words, it is a

macroscopic velocity. Darcy's law holds only for laminar flow.

.The same equation can be expressed in tenns of intrinsic penneability (k) which represents the

conductance that the rock offers to fluid flow:

where:

p = pressure

k dP
q = ---

11 dL .

Pa,

2.8

11

k

dynamic viscosity Pa-s,

intrinsic penneability m2
.

Intrinsic penneability is defined for a single fluid flowing through the rock and represents a

transmissive property of only the rock system. Equating Eq. 2.8 with Eq. 2.7 and including the head-
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pressure correlation, results in an equation relating hydraulic conductivity and intrinsic permeability:

2.3.1.4 Hydraulic Head

k
K = -pg

fl
2.9

The hydraulic head is expressed in terms of the pressure (P) and an elevation (2) relative to a known

datum. It can be thought of as a column of fluid of length H with a specific density p, assuming an

atmospheric pressure ofPatm, and acceleration of gravity g,

p-p
armH=---

pg

2.4 Assumptions and Governing Equation

- Z 2.10

The general well test analysis approach is based on solutions to the diffusion equation (also known,

in the petroleum literature, as the diffusivity equation) for various sets of initial and boundary

conditions. There are two common ways of presenting these solutions:

a) Hydraulic head, hydraulic conductivity and storage, or

b) Pressure, permeability, porosity, compressibility and fluid viscosity.

When expressed in terms of pressure, the diffusion equation is (see, for example, Lee, 1982):

Golder Associates·



November 1995

where:

13

32PicP ¢ ~ c, aP
+--=---

3r 2 r cr k at
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2.11

r

t =

radial distance

time

m,

s.

This equation is a linear parabolic partial differential equation, that is derived using the following

assumptions (Horne, 1990):

a) Darcy's Law applies;

b) Porosity, permeability, viscosity and rock compressibility are constant;

c) Fluid 'compressibility is small and constant;

d) Pressure gradients in the formation are small;

e) Flow is single phase;

f) Gravity and thermal effects are negligible;

g) Permeability is isotropic; and

h) Only horizontal radial flow is considered.

The solutions of the diffusion equation are usually given in terms of dimensionless parameters. The

dimensionless variables lead to both a simplification and generalization of the mathematics (Dake,

1978). Moreover, with dimensionless variables, the solutions are invariant in form, irrespective of

the units system used. The dimensionless pressure, PD' is a solution to Eq. 2.11 for specific initial

and boundary conditions. In the case of the constant surface flow rate (q), the pressure at any point

in the formation penetrated by the well is described by the generalized solution below (Earlougher,

1977):
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2.12

where B is the formation volume factor, equal to a volume of fluid at well pressure and temperature

normalized to standard surface conditions (B is considered to be unity during the analyses of the

Florence data). The variables to and ro are the dimensionless time and radius, respectively; Co is the

dimensionless wellbore storage. The other parameters are defined in the Nomenclature section

(Section 6.0).

The physical pressure drop is equal to a dimensionless pressure drop times a scaling factor. The

scaling factor depends only on flow rate and reservoir properties. The concept applies in general,

even for complex situations. It is this generality that makes the dimensionless solution approach

useful. Po is a function of time, location, system geometry and other variables (Earlougher, 1977).

The dimensionless time, to, in Eq. 2.12 is defined by:

kt
2.13

where rw is the radius of the well. The definitions for the dimensionless radius and the

dimensionless wellbore storage are:

r
r D 2.14r w

and,

CD
C

= 2.15.,
21t cPc/if·h
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Equations 2.13 through 2.15 are expressed in a consistent set of units. In the simple case of steady

state radial flow, PD is equal to In (r elr w), where r e is the radius of the circular constant pressure

boundary, and Eq. 2.12 becomes the well known steady-state radial form of Darcy's Equation

(Earlougher, 1977), or the Thiem Equation (see Section 2.1.1 of Kruseman and de Ridder, 1991).

For transient flow, PD is always a function of dimensionless time (Eq. 2.13), dimensionless radius

(Eq. 2.14), and other parameters related to the flow geometry (Earlougher. 1977). Dimensionless

pressure can be applied easily, and results in simple general equations that apply to any sort of

reservoir properties. It is easily adapted to mathematical manipulation and superposition so that

more complex systems can be considered.

In order to account for tests that do not have a constant flow rate (the assumption used to derive Eq.

2.12), the superposition technique is applied. This approach makes it possible to describe a variable

rate event (including a shut-in, which is an event with a zero surface flow rate) using a number of

constant rate events. The variable rate superposition has been described in detail in well testing

literature (Earlougher, 1977; Lee, 1982; Home, 1990).

The principle of superposition holds for systems that can be described mathematically as 'linear

systems' (Home, 1990). Since most well test solutions are derived from linear diffusive flow

equations with linear boundary conditions, the principle of superposition is applicable for most of

the standard response functions. The superposition theorem simply states that the sum of individual

solutions of a linear flow equation is also a solution of that equation (Drake, 1978). For a variable

rate event, the principle of superposition in time can be used to describe the flow response, using a

series of constant rate solutions. If a variable rate event is separated (discretized) into 'n' constant

rate flow periods, a solution for the nth flow period can be found by solving the diffusivity equation

for each flow rate individually and superposing the solutions according to the following equation

(Gringarten, 1979; Bourdet et al., 1989):
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PD(L AtJD + AtD)] + PD( AtD)
J= 1
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2.16

where each of the 'n' flow periods has a flow rate of qi (qi~O) and a duration of At, with At being the

elapsed time in the 'nth' flow sequence. The subscript 'D' for the time refers to dimensionless time,

which is proportional to real time and is given by Eq 2.13.

2.5 Interpretation Models

Type curve matching for pumping test data was first introduced by Theis (1935) for interpreting

crosshole responses in homogeneous aquifers. Since then, type curve matching has become one of

the most common tools in the interpretation of well test data, both in petroleum and groundwater

areas. A type curve is a graphical representation of the theoretiCal response during a test of an

interpretation model that' represents the well and· the formation being tested. A type curve is

therefore specific to the type of test for a given flow system. The type curve analysis of well test data

essentially consists of selecting a type curve that can adequately describe the actual response of the

wellbore and the formation during the test.

Type curves, therefore, include the entire dynamic behavior of an interpretation model during a test;

in other words, type curves include all the individual 'flow regimes' of an interpretation model.

.Flow regimes' are but characteristic features for the various components ofan interpretation model.

The individual components of an interpretation model dominate the well test response at different

times. These responses are broadly divided into three groups: early time, middle time, and late time

(Earlougher, 1977).

As a given test starts, the pressure transients generated by the test move away from the generator (ie.

the source/sink. well) and into the formation. At early time. the pressure signals are dominated by

features in the flow system close to the source - such as wellbore storage and skin. presence ~)
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fractures intersecting the source, etc. As the test progresses. the pressure transients move farther

away from the source and the test section pressure response reflects the transmission of pressure

through each of the significant features in the flow system in succession. The development of the

individual flow regimes in the pressure responses does not occur in discreet steps but are separated

by 'transition periods' in which the influences of parameters characterizing the two regimes are

combined. After the early time effects are over, the pressure response is indicative of larger scale

conditions in the formation. During this phase of the pressure response, features such as double

porosity, homogeneous behavior, etc. dominate the pressure response. As the test duration increases,

the pressure response reflects the formation conditions farther away from the borehole and features

such as boundary effects may affect the pressure response. Until the boundary effects are 'seen' by

the pressure signals, the formation effectively responds as if it were of 'infinite lateral extent'.

Type curves combine all the flow regimes, including the transition periods, for specific interpretation

models. Well test interpretation models are used to define the complete theoretical flow system and

the characteristics of the interpretation models are divided into these distinct periods:

1. Inner-Boundary (wellbore storage, fracture flow etc.);

2. Formation Flow Behavior (homogeneity, dual porosity etc.); and

3. Outer Boundary (infinite acting, constant pressure etc.).

These periods are illustrated in Figure 1 for pressure and pressure derivative curves. The first period

represents the inner boundary condition of the interpretation model and governs the early time

response of the model. The formation flow behavior is the flow regime when the pressure response

at the pumping well is dominated by formation flow parameters. The outer boundary condition, as

the name implies, characterizes the late-time effects.

In an idealized data set the pressure or pressure derivative will have a recognizable shape which can

be related to what is happening in the formation. When analyzing well test data it is now common

practice to plot the pressure derivative (derivative of pressure change with respect to the natural
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logarithm of time) in addition to the pressure because it is easier to recognize the characteristic

shapes of the test periods on the pressure derivative (Bourdet et al, 1983; Bourdet et aL 1989).

Examination of pressure derivative plots allows the analyst to determine the extent of each of the

three periods and, from diagnostic curve shapes, identify different types of formation response and

boundary effects. The following interpretation models are available in Golder's FLOWDIMTM code:

Inner Boundary Conditions:

a) Wellbore storage and skin;

b) Infinite conductivity or uniform flux fracture; and

b) Finite conductivity fracture.

Formation Flow Behavior:

a) Homogeneous -standard 'porous medium' flow;

b) Dual porosity -fractures in a less permeable matrix; and

c) Fractional Dimension -fracture controlled flow with "imperfect" connections.

Outer BO.lmdary Conditions:

I) Single boundary -constant pressure or no flow.

The following sections discuss only the interpretation models and parameters, which are applied to

the analyses of the Florence data. The models are:

Inner Boundary

Formation Flow

Outer Boundary

-Wellbore storage and Skin, and Fractures;

-Homogeneous and Dual Porosity; and

-Infinite Acting.

Different sets ofconstitutive parameters are used to represent each of the components of the well test

interpretation models. The parameters are:
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C:

h:

s:

w:

A:

wellbore storage;

total thickness of the formation (equals the test section length, for a

'fully penetrating well' assumption);

formation permeability;

fracture permeability in a double porosity system;

permeability of finite conductivity fracture;

skin factor;

fracture width;

fracture half length;

interporosity storativity ratio; and

interporosity flow coefficient.

These components of the interpretation models are described in the following sections.

2.5.1 Inner Boundary

2.5.1.1 Wellbore Storage and Skin

The wellbore storage effect prevents the downhole flow rate from instantaneously following the

surface flow rate in the case of constant rate tests. This affects the early-time transient pressure

response to a considerable extent. The wellbore storage effect can mask the formation response in

tests of very low permeability formations. Wellbore storage is characterized by a wellbore storage

constant, C, which is the change in wellbore fluid volume with pressure. For a well filled with a

single phase fluid occupying a fixed volume Vw, this constant is given by Eq. 2.6. For a well with

a changing liquid level (open tubing flow) the wellbore storage constant is given by Eq. 2.5.

To account for the wellbore storage effect in the solutions of Eq. 2.11, a dimensionless wellbore

storage constant Co was introduced (Eq. 2.15) and PD becomes a function of to' CD and s, together

Golder Associates



November 1995

with other system parameters.

21 953-2908

It is important to note that the compressibility on Eq. 2.6 is that of the fluid in the wellbore. In

fractured formations, the actual wellbore storage values can exceed those computed with Eq. 2.6

because part of the storage is due to the volume of fractures in communication with the wellbore.

The difference can be a factor of 10 to 100 depending on borehole conditions (Ostrowski and

Kloska, 1989). Other effects, such as tool compliance or tool induced injections, can also increase

the apparent wellbore storage and cause the wellbore storage constant to be higher than calculated.

Another important dimensionless variable is the skin factor (s) which quantifies the near-borehole

flow conditions. Skin factors estimated from transient testing include all features that affect the

efficiency of fluid flow into the wellbore. The skin factor represents a steady sate dimensionless

pressure drop at the well face in addition to the normal transient pressure drop in the formation. The

additional pressure drop is assumed to occur in an infinitesimally thin "skin zone" (van Everdingen,

1953). The additional pressure drop can be the result of local permeability alteration (for example,

'caused by plugging of flow paths by fines in the drilling fluid, etc.). This pressure drop could also

be caused by deviation from purely 2-D radial flow near the well (for example, caused by a fracture

near the well giving rise to more linear than cylindrical symmetry flow at early time); this is also

called 'pseudo-skin' (Earlougher, 1977). The skin factor is related to this additional pressure drop

by the following equation (Earlougher, 1977):

2nkh
s = -- M sqB'Il

2.17

where b.ps' is the additional pressure drop in the skin zone. A more physically realistic concept of

skin is obtained by assuming that the skin effect is due to an altered zone of radius rs with a skin

zone hydraulic conductivity (Ks); for such a case the skin effect can be calculated from the following

equation (Earlougher. 1977):
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2.18

It can be seen from this equation that when the skin zone hydraulic conductivity (Ks) is higher than

the fonnation hydraulic conductivity (K) the skin effect is negative. There is clearly a practical limit

to how large the magnitude of skin can become; for the Florence tests, skin coefficients typically

vary between -7.5 and 12.0.

Pseudo-skins result from situations such as partial penetration of the water bearing fonnations,

turbulent flow, multiphase effects, and fractures intersecting the wellbore. The important difference

between mechanical skins and pseudo-skins is that the pseudo-skins penetrate the fonnation, creating

transient pressure drops that become stable only some time after the beginning of flow in the well

(Dowell Schlumberger, 1985). The total skin effect is the combination of the mechanical and all.

pseudo-skins.

2.5.1.2 Fracture Flow

When the borehole penetrates a single fracture, the early time pressure response is detennined by

wellbore storage arid the flow behavior within the fracture. Two different kinds of fractures are

considered, an infinite conductivity fracture and a finite conductivity fracture. In both these models,

the flow is assumed to take place from the fonnation to the fracture and from the fracture into the

wellbore. For the infinite conductivity fracture, a negligible pressure drop is assumed to occur within

the fracture itself. For this model, the flow goes through two flow regimes:

a) Linear flow towards the fracture from the fonnation, and then

b) A global radial flow in the fonnation.

These two successive flow regimes are also shown by a 'unifonn flux' fracture (Earlougher, 1977:
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Horne, 1990). A unifonn nux fracture is a fully penetrating vertical fracture with a uniform flow

into the fracture along its length. Both the infinite conductivity and the unifonn nux fracture models

are based on the following assumption:

a) There is no wellbore storage;

b) The fracture is vertical and fully penetrating;

c) Pressure within the fracture and the borehole is the same at all points;

d) The fracture is characterized by a half-length (Xr); and

e) The fracture is in a homogeneous aquifer.

Analysis using these models yields an estimate of:

Fracture half-length

In a finite conductivity fracture model, pressure drop is allowed to take place within the fracture.

For a finite conductivity fracture, the flow goes through three regimes:

a) Linear flow within the fracture;

b) Linear flow toward the fracture and within the fracture (bilinear flow); and

c) Global radial flow.

In this case, the. flow is detennined by the fracture half length as in the case of the infinite

conductivity fracture and also by the product of fracture penneability and fracture width. Fracture

penneability is not a parameter for the case of an infinite conductivity fracture model, since it is

considered to be infinitely large. Analysis with the finite conductivity vertical fracture yields

estimates for:

Fracture half-length
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None of the Florence tests analyzed so far have shown a response that could be associated to either

of these models. In other words, all of the tests analyzed to date have hydraulic responses typical

of porous media flow.

2.5.2 Formation Flow Behavior

Many theoretical models have been developed to describe the flow of fluids through different types

of formations in the subsurface. Flow models have been developed to account for a multitude of

heterogeneous formation behaviors. These models have increased in complexity in line with the

increased computational and graphical display powers of desktop computers. To discuss all the

models and combinations ofmodels currently available is beyond the scope of this report. Therefore,

only the models that are or might be potentially useful for the analyses of the Florence data are

discussed here, namely; homogeneous and dual porosity flow models.

2.5.2.1 Homogeneous

The homogeneous model is the simplest formation flow model. It describes flow through the pore

spaces of a homogeneous isotropic formation. Analysis with this model in FLOWDIMTM yields

estimates of:

k

s

=

=

permeability; and

skin.

This flow model is typically combined with the wellbore storage and skin (Inner boundary) and

infinite acting (Outer boundary) models to produce the theoretical model of the simplest formation
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2.5.2.2 Dual Porosity
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A different method of analysis is applied to fractured formations in which flow occurs through both

the matrix and through a network of fractures. To analyze tests conducted in these formations, a dual

porosity flow model was developed by Warren and Root (1963). They showed that a model which

included two fracture related parameters, in addition to permeability and skin, could be used to

describe the pressure-time behavior of a fractured formation. These additional parameters represent

the storativity ratio of the fractures and the matrix, and the ratio of the matrix permeability to the

fracture permeability. It should be noted that the dual porosity model may also be used to represent

flow in a fracture system, where relatively low conductivity and less well connected 'background

fractures' can be equated with the 'matrix' and more dominant transmissive features with the

'fractures. '

The dual porosity models available in the well testing literature are characterized by the way flow

in the more permeable flow conduits (i.e., the fractures) interacts with that in the less permeable flow

medium (i.e. the ·matrix). There are two types of dual porosity models available vvlthin

FLOWDIMTM depending on the different types of interporosity flow:

a) Restricted Interporosity Flow: In this model there is a skin between the more

permeable medium (the fissures) and the less permeable medium (the matrix blocks)

which restricts flow; and

b) Unrestricted Interporosity Flow: In this model there is no impediment to flow

between the two media and the less permeable medium is assumed to be shaped

either like slabs or spheres.
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Analysis using the dual porosity model in FLOWDIMTM yields estimates of:

kf = permeability ofthe more permeable medium;

s = skin factor of the well;

Sf skin factor between fissures and the matrix;

w = interporosity storativity ratio; and

A = interporosity flow coefficient.

The definitions of permeability and skin are similar to those in Section 2.3.1.3 and 2.5.1.1. The

modifications necessary to fit them into the dual porosity model are noted below. The first of the

parameters specific to the dual porosity model, interporosity storativity ratio 'WI, is defined by:

2.19

This relationship characterizes the relative storage capacity of the two media, fracture and matrix

(characterized by subscripts If and 'm' respectively). The interporosity flow coefficient 'A',

characterizes the ability of the matrix to flow into the fractures and is defined by:

2.20

where 0: is a geometrical factor which depends on the shape of the matrix block. For spherical

matrix blocks of radius rm,

0: =
15

1r; 2.21
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and for horizontal slab matrix blocks of thickness h",.

2.22

The theory of the Warren and Root model (Warren and Root, 1963) is extensively discussed in the

well test literature (Earlougher, 1977; Streltsova, 1988; Home, 1990; Sabet, 1991). Therefore. only

practical aspects and the physical meaning of the dual-porosity flow parameters are discussed below.

The interporosity storativity ratio, w, represents the ratio between storage capacity of the fracture

network and the total storage capacity of the formation. A value of w close to zero corresponds to

a formation with a very small fracture storage capacity; w = 1 represents a reservoir with a single

dominant flow medium. Small values of w «0.1) typically reflect the small storage capacity of

fractures relative to the much larger storage capacity of the rock matrix.

The interporosity flow coefficient, A, represents the dimensionless interporosity flow capacity which

depends, primarily, on the ratio of the matrix permeability to the fracture permeability, k.n/k f . For

a given block shape factor IX, small A values correspond to a large contrast between fracture and

matrix block permeability. A permeability ratio equal to 1 represents a single porosity

(homogeneous) reservoir.

Alternatively, if k.n/kf is known (e.g. k m from laboratory tests and kr from hydraulic testing), it is

possible to estimate the characteristics of the fractures. High IX values mean large contact surface

and consequently smaller matrix blocks (high fracture density). A low value of IX corresponds to a

smaller contact surface, large matrix blocks and consequently low fracture density.

To date, none of the Florence hydraulic test responses have shown a dual-porosity behavior.
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The model that simulates an infinite acting formation response requires no additional parameters.

In this model there is no outer boundary response different from the formation flow response.

2.6 Well Test Analysis

Pressure transient testing has been a subject of extensive work both in the field of groundwater

hydrogeology and in the oil industry for the past forty years. Over this period better measuring

devices have become available, providing more reliable field data and this, together with the advent

of powerful desktop computers, has given· rise to the development of more sophisticated

interpretation techniques.

In general, transient well tests can be separated into three basic types based on the nature of the

source signal:

a) constant rate;

b) constant pressure; and

c) slug and pulse tests.

For constant rate and constant pressure tests, the surface rate and the surface pressure, respectively,

are kept constant during the testing period. A slug test is initiated by an instantaneous pressure

change (withdraw or injection) and then the groundwater is allowed to flow to the open borehole and

to return to initial conditions. A pulse test is very similar to a slug test, the only difference is that

the interval is shut-in so that the fluid volume is kept constant. The hydraulic tests conducted at the

Florence site are constant rate type tests.
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Depending on the type of test, different analysis methods have been developed and documented in

numerous papers and manuals. The interested reader is directed to the following summarizing

references: Earlougher (1977), Gringarten (1979), Lee (1982), and Bourdet et al. (1983 and 1989)

for the analysis of constant rate tests, including multi-rate and shut-in tests; Grisak et al. (1985) for

the analysis of wellbore storage dominated pulse and slug, where practical and theoretical aspects

of testing in low permeability formations are also discussed; and Pickens et al. (1987) present some

interesting practical considerations on interpretation of hydraulic tests in low permeability

formations. For detailed descriptions of the various well test analysis methods currently in use, the

interested reader is referred to the following additional references: Streltsova (1988), Sabet (1991)

and Dawson and Istok (1991).

The purpose of this section is to present some aspects of the test analysis methods that are found to

be important for interpretation of the Florence test data. The only tests that will be described in .

detail are the constant rate tests since these are the type of tests used at the Florence site.

The principles governing the test analysis can be considered as a special pattern recognition problem

(Gringarten, 1986). In a well test, a known signal (e.g. pumping rate) is applied to an unknown

system and the response of that system (e.g. the change in water pressure) is measured during the

test. This type of problem is known as the 'inverse problem.' Its solution involves finding a well

defmed theoretical system, whose response to the same input signal is as close as possible to that of

the actual flow system. Normally this solution is not unique, but with reasonable assumptions and

information from other sources like geophysical and geological data, in most cases it is possible to

give at least a confined range of solutions.

2.6.1 Constant Rate Tests

The analysis methods for a constant rate test can be divided into two general classes:
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a) Straight line analysis methods; and

b) Type curve matching.

After plotting the data in specific coordinate systems, straight lines can be fitted to specific segments

of the data set and reservoir parameters determined from the slope and intercept of these lines. This

approach requires the data to be divided into discrete sections representing the near wellbore.

formation, and outer boundary responses. Each section is then analyzed separately.

The type curve matching approach considers the data as a continuous record. In this approach the

data is matched to type curves that represent pressure response models for different combinations

of formation and boundary conditions. The type curves are represented in terms of the dimensionless

parameters which were introduced in Section 2.4. The formation parameters are calculated from the

match points between the measured data and the type curves. These two methods are discussed in

more detail in the sections that follow.

2.6.2 Straight Line Analysis Methods

A commonly used method of obtaining reservoir parameters is by straight line analysis. In this

approach, pressure data is plotted on specialized plots, e.g. versus log(t), and straight lines fitted to

specific portions of the data are used to derive formation parameters. The theory behind straight line

methods, especially semilog Homer and MDH has been extensively described in the literature

(Earlougher, 1977). Therefore only the application of this method will be discussed here.

Straight lines fitted to the early time portion of the data can be used to obtain estimates of the

wellbore storage (pressure versus time or log pressure versus log time) or near well fracture flow

parameters (pressure vs. ( or tI4
). Straight line fits to semilog plots (pressure versus log time), or

log (Homer time) can be used to obtain estimates of wellbore storage, skin, permeability and initial

pressure; Homer time is defined later in this section. Straight lines fitted to multiple periods of
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pseudo radial flow can also be used to identify a dual porosity response and estimate the appropriate

flow parameters (A and w. see nomenclature).

Straight line analysis methods can also be applied to data presented on log-log plots. A horizontal

line fitted to a pseudo radial flow portion of the pressure derivative will provide an estimate of the

formation permeability, similar to the Horner approach. Distances to outer boundaries and the

existence of multiple boundaries can also be estimated by fitting lines to the log-log plot.

The necessary condition for application of the straight line approach to determine initial hydraulic

head and hydraulic conductivity is that the aquifer must be 'infinite acting.' This means that the

pressure response must extend beyond the influence of wellbore storage and skin effects and into a

period of pseudo-radial flow. In the case of heterogeneous behavior, the total system response must

be obtained for the method to be applied. When these conditions are met, the basic reservoir

parameters (e.g. hydraulic conductivity) can be derived. The straight line method was in many cases

not applicable to the Florence test data, even for the estimation of basic formation parameters,

.because many of the hydraulic tests are strongly affected by pumping in nearby irrigation wells,

rendering the pseudo-radial flow period difficult to identify.

Nonetheless, the basic ideas of the straight line analysis are presented here for the benefit of the

reader. A special application of this method is the case of the analysis of a shut-in period after a

constant rate flow period. According to the superposition principle, the solution for this case is

(Horne, 1990):

PoP0 [ tpO + tJ.toJ - PD [tJ.toJ

where tpD is the dimensionless flow period duration and tJ.to is the dimensionless elapsed time from

the start of the shut-in. The dimensionless pressure (Po) and the dimensionless time are defined in

Section 2.5.2. For infinite acting radial flow during both the flow period and the shut-in, Eq. 2.23
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leads to the following solution for the source well in a homogeneous reservoir:
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qB~ t p + ~t
~-:-ln ---
4 rr. kh ~t

2.24

Therefore when the pressure is plotted against the natural logarithm of (tp + ~t)/~t, where tp is the

flow period duration and ~t is the shut-in time, the data will show a straight line with a slope of

m
qB~

4 rr. kh

during a period of infinite acting radial flow. The pressure axis intercept represents the initi~

formation pressure (P) or equivalently the static water level. Such a plot is known as a Homer plot

and (tp + ~t)/~t is referred to as Homer time which is a dimensionless quantity. For a multiple rate

transient test this method can be generalized by plotting (Gringarten et aI., 1980):

n-l n-l
P(~t) VS. 1 [L (qi - qi-l) log [L ~tj + ~t] - (qn-l - qn) log~t] 2.26

Iqn-l - qnl i=l j=l

where ~tJ is the duration of each constant rate event. In Eq, 2.26 the time/rate function is referred

to as the superposition function, and the plot is known as a generalized Horner plot.

2.6.3 Type Curve Matching and Automatic Regression

A transient well test generally comprises an input impulse (e.g. a change in flow rate) which is

imposed on the test interval, and the recorded response (e.g. a change in pressure). The nature and
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shape of the response is governed by test geometry parameters (interval volume, flow rate. etc.), fluid

parameters (viscosity, compressibility, etc), and formation flow parameters (permeability. porosity,

etc.). Some of these are known directly or can be measured either in-situ during the test or in

laboratory tests. However. some of the parameters which control the formation response cannot be

measured directly and must be inferred from the test response. An analytical mathematical model

of the dependence of the formation response on the formation flow parameters can be developed and

solved. Then by matching the measured test response to the model response it can be inferred that

the model parameters have the same values as the actual reservoir parameters. This process is

known as 'Type Curve Matching.'

2.6.4 Theory of Type Curve Matching

We will consider the single constant rate case to present the basic theory of type curve matching.

For a constant rate case, the dimensionless pressureis defined as (Home, 1990):

21tkh
PD = (P - P) = A tlP

qB~ 1

where A is a function of k, h, q, B, and ~.

Re-arranging Eq.' s 2.13 and 2.27, we get:

2.27

2.28

where B is a function of k, h, and~. Or in logarithmic terms:
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LogPD = Log I1P + LogA

t B
Log(-E...) = Log I1t + Log(-)

CD C
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2.29

2.30

The combination of the dimensionless time and wellbore storage is a way to reduce the number of

independent variables and make the type curves easier to distinguish from each other. Since, by

definition, the dimensionless pressure and time/storage are linear functions of actual pressure and

time, the log of actual pressure change will differ from the log of the dimensionless pressure drop

by a constant amount. The same is also true for the log of actual time. Thus when the appropriate

interpretation model has been selected, the actual pressure vs. (time) curve and the theoretical curve

PD vs. (TJeD) have identical shapes, but are shifted with respect to one and other when plotted on

the same log-log scale.

The objective of this type curve analysis is to evaluate the amount of shift between the two sets of

curves. When the actual data is matched to the theoretical curve on the log-log axes, a match point

is selected and the reservoir parameters obtained by rearranging and substituting PD and I1P, and

(TJcD) and I1t into the above equations as follows:

PD[-] matchpoint = A = permeability
M

tD/CD
[ ] matchpoint = (B/C) + permeability = wellbore storage

I1t
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Originally Po was plotted versus to on a series of distinct curves for welbore storage/skin and infinite

acting radial flow (Agarwal et aL 1970). Manipulation of the dimensionless pressure equation,

created a combined storage and skin variable, Coe"S that could be used to generate a series of type

curves (Gringarten, 1979) for different Coe"S values. The skin factor is obtained by substitution of

the calculated dimensionless storage into the Coe"S value obtained from the type curve that gives the

best match, and the corresponding Coe"S appropriate to that curve. Other type curves have been

developed for fractured reservoirs (see, for example, Bourdet and Gringarten, 1980) and for

formations with composite behavior.

For further details of the theoretical aspects of type curve matching, the interested reader is referred

to Gringarten (1987), Chapter 4 of Sabet (1991), and Section 3.3 of Earlougher (1977).

2.6.5 Dimensionless Type Curves

The solutions to the analytical models can be expressed as a series of dimensionless variables

(Section 2.5.1). These dimensionless variables are important because they simplify the formation

response models by representing the transient test parameters in terms of model parameters which

remain fixed during the test, thus reducing the total number of unknowns which need to be

considered. They" also have the additional advantage of providing model solutions that are

independent of units. The definition of these dimensionless variables assumes that the test

parameters (flow rate, interval volume), the fluid parameters (viscosity, compressibility), and the

reservoir parameters (permeability, compressibility, porosity, and reservoir thickness) all remain

constant throughout the test.

Theoretical models of reservoir behavior can be presented as a family of dimensionless type curves,

expressed in terms of dimensionless pressure (Po), that are a function of to and other dimensionless

variables. Each curve in the family is characterized by dimensionless variables that depend on the

particular model. These parameters are defined as the product of a measured parameter (e.g. pressure
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or time change) and parameters characterizing the reservoir (porosity, permeability, etc.).

The type curves used for the analysis of a pumped withdrawal test in a formation are called

drawdown type curves and are defined as:

The actual data for type curve analysis are defined as:

2.34

The change in pressure (~P) is plotted against the change in time (~t) where ~t is the elapsed time

since the start of the pumping sequence, and ~p is the corresponding pressure reading.

Interpretation models can be obtained by a combination of the appropriate component (inner

boundary, formation behavior, and outer boundary) models which have been developed. Their

dimensionless solutions are superposed (in space and time) to obtain the type curves required for

analysis. Type curves have been published for most of the common reservoir configurations (e.g.

homogeneous, dual porosity, etc).

The drawdown type curves are not strictly valid for analyzing flow periods (drawdowns or build-ups)

after the first drawdown. For each drawdown type curve there exists a 'family' of build-up type

curves that depend on the production period, tp' The corresponding theoretical build-up type curve

is obtained from the appropriate drawdown curve by superposition as follows (Gringarten et ai.,

1980):
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The build-up type curves must be calculated for each test. because they depend upon the test

conditions. For a multi rate (MR) flow test the type curve can be expressed by Eq. 2.16 in Section

J -_.).

2.6.6 Derivative Type Curves

A relatively recent innovation (Bourdet et al., 1983), made much easier with the introduction of

computer aided techniques, is to plot the derivative ofPD with respect to In (tdCp) on the same axes

as the PD vs. TD lCo. The derivative is useful as a diagnostic plot when trying to determine the

different flow regimes that may occur during the test. The advantage of the derivative plot is that

it is able to display in a single graph many separate characteristics that would otherwise require

different plots.

During pure wellbore storage (Earlougher, 1977) showed that:

2.36

then taking the derivative

2.37

During infinite acting radial flow (which does not show a characteristic response on a log-log scale)

in a homogeneous formation (Bourdet et al., 1983):
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2.38

then taking the derivative

2.39

Therefore, both at early and late times, all Po' behaviors are identical and independent of the Coe2S

values. At early time, all the curves merge into a straight line corresponding to Po = 1. At late time

the curves merge into a single straight line of slope = -1, corresponding to Po' = O.5/(tdCo). Between

these two asymptotes, each of the Coe2s curves exhibit a specific shape. It is more useful however,

to plot the type curves as Po! (to/Co) versus (b /~). This is a better choice of axes becau~e the

pressure and time axes are now consistent with the dimensioless pressure axes described earEer.

At early time, the type curves follow a unit slope log-log straight line. When infinite acting radial

flow is reached, the derivative curves become horizontal at Po' (to/CD) = 0.5. Between these two

asymptotes, the type curves and derivatives are distinctly different for the combined 'family' of Cde
2S

curves. This makes it easier to correctly identify the correct Cde
2S curve corresponding to the data.

The derivative shape also provides an improved diagnostic tool for other formation models such as

dual porosity, composite, fracture flow, and outer boundary responses.

Modern well test analysis has been greatly enhanced by the introduction of the pressure derivative

type curves. The advent of computer aided interpretation has made calculation of the derivative of

real data relatively straightforward. The advantage of the derivative plot is that it is able to display

in a single graph many separate characteristics of the flow system that would otherwise require

different plots (Horne, 1990). The power of the pressure derivative arises from the fact that it

magnifies the differences in shapes between the various flow regimes that can be present during a
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given flow period, thereby enhancing the diagnostic capabilities of the analyst by a significant

amount (Gringarten, 1986).

The interpretation method implemented in FLOWDIM, a Golder Associates proprietary software,

takes full advantage of the derivative approach as discussed above. Test interpretation of the aquifer

tests in the Florence study area were conducted using this software. The following section presents

a brief discussion of the interpretation of each test.
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This section provides a briefdescription of the conditions during each aquifer test, general comments

on the quality of the data, and results from the analytical interpretation. One critical piece of

information during any hydraulic test program is the location of nearby active wells and their

pumping rates and duration of pumping periods. In the case of the Florence aquifer tests, a precise

discharge rate history for nearby agricultural wells is, in general, not available. Complete

interpretation of the affected aquifer tests is not possible without this information, and the resulting

estimated hydraulic conductivity may be inaccurate.

In some cases, boundary effects and abrupt changes in the pumped well discharge rate complicated

the interpretation of the drawdo\\-TI and recovery data, not to mention the effect of nearby agricultural

wells. To the extent permitted by the data, an attempt was made to discern amongst effects produced

by geological controls and those produced by the cycling of nearby agricultural wells .. Information

about the hydraulic tests conducted to date is summarized in Table 1 (See Appendix A). Also shown

in this table are the name designations of the wells participating in a given test, starting and ending

date of the test, and available information regarding geologic formation, screen location, drawdoVvTI

and discharge data.

Table 2 (See Appendix A) presents a summary of the hydraulic conductivity estimates resulting from

our interpretation. Also included in this table is the name of the formation penetrated by the

particular welles), and comments and qualifiers on the conductivity estimates. The available data

are classified into three different categories; fair, acceptable and good. A fair data set is one that is

interpretable but the estimated hydraulic conductivity should be used with caution. An acceptable

data set represents a test with some uncertainty and usually results in an underestimate of the

formation hydraulic parameters. A good data set results in a hydraulic conductivity that is deemed

as a close representation of the formation conductivity.

The following table is considered useful for the understanding of subsequent section ans is therefore
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included in the text. The table provides an abbreviated summary of the estimate hydraulic

Well K
Identification Active/Observation (feeUday)

Basin Fill Deposits
iMI-GL Active 17.3
'M3-GL 'Active 15.9
MI4-GL Active 1.7
MI4-GL3d :Active 0.1
M15-GU 'Active 2.6
M18-GL .Active 19.6

ip28-GL iActive 8.3
028-GL Observation (P28-GL) .,'" .,

I
-.).-

M3-GL iObservation (M4-0) 14,8

iP8-GU ,Active 61.3
Oxide

iM4-0 iActive 0.6
,PW2-1 :Active 1.4
,PW4-1 ;Active 3.8
,PW7-1 'Active 0.2

i OB7-1 'Observation (PW7-1) 0.1
ip12-0 ,Active 0.4
I 012-0 'Observation (Pl2-0) 0.6,

:p19.1-0 !Active 0.3
P19-0 Observation (P 19.1-0) 0.2
P19.2-0 ' ,Observation (P19.1-0) 0.2

iP19.1-03d 'Active 1.00E-02 ;
I

P19-03d iObservation (P 19.1-0) 2.39E-04 i

P19.2-03d ,Observation (P19.1-0) 1.99E-04 i

iP39-0 iActive 0.3
039-0 iObservation (P39-0) 0.3

iP28.1-0 Active 7.7
iP28.1-0 (2) !Active 3.6
I P28.2 -0 ,Observation (P28.1-0) 2.7
:P28.2-0 ·Active 3.1

028.1-0 Observation (P28.2-0) 3.0
P13.1-0 Active 0.3

P49-03d A..~tive/RecoveryData 7.75E-03
P15-0 Active 0.5,------_... - -----

conductivity presented in Table 2 in Appendix A. This abbreviated table divides wells into those

testing the Basin Fill Units. and those testing the mineralized bedrock.
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As seen from this table, the hydraulic conductivity for the Basin Fill Units vary from 1.7 to 61.3 feet

per day (ft/day), whereas that for the quartz monzonite and the granodiorite porphyry vary from 0.1

to 7.7 ft/day (with exception of the 3-D analyses). The maximum conductivity value for the Basin

Fill units was derived from a test in the Upper Unit. The smaller variation in the hydraulic

conductivity suggest a greater degree of heterogeneity than that of the mineralized bedrock.

Appendix A contains a summary sheet for each test interpretation, including a calculation of

hydraulic conductivity in feet per minute (ftlmin), feet/day (ftlday), meter per second (m/sec), and

centimeter per second (em/sec), as well as the estimated value of the skin factor. Appendix B

presents the log-log plots of the type curve selected for the analysis, and observed drawdown versus

time. Appendix C includes report forms from the FLOWDIM interpretation for each test. This form

contains the well name, type of test, and date of the test. Well geometry information, such as well

radius, interval length, formation tested, total depth, as well as discharge rate and test duration are

also included in this form. In addition, this form presents also the model assumptions and numerical

values for hydraulic parameters.

The following paragraphs offer a cursory description of test conditions and hydraulic conductivity

estimates for each test. The first few tests are discussed in detail to provide the reader with a basis

for understanding the remaining tests presented in Appendix A through C. Detailed discussion for

unique and interesting tests is given as warranted by test response.

Aquifer Test on MI-GL

This constant rate test involved a single well with a discharge of 10 gallons per minute (gpm). Well

M I-GL is a monitoring borehole completed within the lower basin fill unit (LBFU). Nearby

agricultural wells BIA-9 and BIA-l OB were reported to be active during the test. The test response

shows a slight "recovery" of the hydraulic head during the test. This effect is responsible for the

decrease in drawdovvTI (circles) in the late time data presented in Figure 1B in Appendix B. Final
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recovery of the hydraulic head resulted in a water elevation higher than the elevation reported at the

beginning of the test; indicating that the observed hydraulic head response is a superposition of more

than one stress on the aquifer (namely; the transient effects from wells BIA-9 and BIA-l OB).

The log-log plot presented in Figure 1B shows both the drawdown data and its derivative with

respect to the natural log of time (triangles) versus time, and the dimensionless type curve that was

selected for interpretation of this test. In this particular case the selected type curve corresponds to

a two-dimensional (notice the asymptotic approach to PD' = 0.5), homogeneous flow model, with a

CDe2S parameter equal to 2 x 10 8 • This value, in turn, results in a skin coefficient of 3.3 (see

summary interpretation in Figure lA in Appendix A) indicating some possible formation clogging

near the well face. Figure IB shows the transient effects produced by nearby pumping, and that the

match between the data and the type curve is poor. The pressure derivative of the data shows a large

amount of random variation in late time, making it difficult to better assess the hydraulic parameters.

The hydraulic conductivity estimate is 17.3 ftlday. It is our opinion that this conductivity value most

likely overestimates the actUal conductivity of the formation in that the observed drawdown appears

to be affected by a recovery trend that limits its final magnitude. The effect of nearby pumping

(recovery) may be responsible for the extremely small estimate of the storage coefficient (8.4 x 10-").

Aquifer Test on M3-GL

Aquifer test on monitoring well M3-GL (Figure 14B) involved wells M2-GU, M4-0 and M5-S as

observation points. Average discharge from M3-GL during this test was reported at 10 gpm. Well

M3-GL is completed in the Lower Basin Fill Unit, while M2-GU and M4-0 are completed in the

Upper Basin Fill Unit (UBFU) and the oxide unit, respectively. Irrigation Well ENGLAND #3 was

on during the test but no information regarding its pumping rate is available. Observation wells M2­

GU and M5-S showed recovery 100 minutes into the test. The hydraulic response for wells M2-GU

and M4-0 is minimal and quite erratic. This small response between M2-GU and M3-GL may

indicate a limited hydraulic connection between the lower and Upper Basin Fill Unit in this area of
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the site. After shut in of well M3-GL, observation wells M2-GU and M4-0 showed a slight recovery

and then began to drop off again which may be the result of cycling of agricultural pumping. The

hydraulic response of well M5-S appears completely independent of pumping on well M3-GL. Due

to the above conditions. the hydraulic responses from the observation wells were considered not

suitable for interpretation.

Data interpretation for this test was accomplished by means of a 2-D, homogeneous model (as

indicated by the approach of the derivative of Po = 0.5) with a Coe2s parameter equal to 1 x 10 6

(Figure 14B). The skin parameter was estimated to be 1.16 (Figure 14A); indicating slight formation

clogging near the well face. The overall fit of the drawdown data and the selected type curve is

relatively good up to about 10 hours into the test. However, the pressure derivative data deviates

sharply from the type curve just after about 0.1 hour into the test. The· estimated hydraulic

conductivity for the Lower Basin Fill Unit is 15.9 ftJday with a storage coefficient of 3 x 10.7
. The

. .
deviation of the data. from the derivative and this small storage coefficient may be an effect produced

by pumping from ENGLAND #3 well.

Aquifer Test on MI4-GL

Well M14-GL was tested under a constant discharge ofabout 10 gpm. This well is completed within

the Lower Basin Fill Unit (LBFU). Well MI5-GU, in the Upper Basin Fill Unit, serves as an

observation well. Irrigation Wells BIA-9 and BIA-l OB were on during the test but no information

is available regarding their pumping rate history. Additionally, MI-GL was pumping during testing.

Very little drawdown was seen in the observation well (MI5-GU). However, a sharp increase in

hydraulic head was observed at about 1,000 minutes after pumping in M14-GL ceased. Recovery

in the pumping well went beyond initial reported static water level. It is suspected that one or both

of the pumping agricultural wells may be responsible for these effects. Field data from the

observation well was not considered suitable for interpretation.
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Two interpretation models were applied to the drawdown data from well M14-GL. First, a 2-D,

homogeneous model (Figure 3A) was used to match the field data. It was seen (Figure 3B) that only

the early data (t < 50 min) closely approximated both the pressure and pressure derivative of the 2-D

type curve. At later times, the derivative of the field data deviated sharply from the type curve. As

discussed in Section 2.6, this type of deviation is characteristic of a 3-D flow regime. Analyses of

these data using a 3-D model (Figures 4A and 4B) shows that the overall fit to both 'pressure and

pressure derivative improved significantly. Given the relatively short length of the screened interval

as compared to the thickness of the Lower Basin Fill Unit in that location, it is not surprising that

the test response suggests 3-D flow (typical of a partially penetrating well). Hydraulic conductivity

estimates from these two different models are reported in Table 2 as well as in Figures 3C and 4C.

The resulting conductivity estimates are 1.7 and 0.1 ftIday for the 2-D and 3-D models respectively.

Although the 3-D type-curve better represents this field data, it is recommended, for the sake of

conservatism, that numerical simulation of flow and transport be conducted with the larger hydraulic

conductivity estimate. As will be discussed later for some of the other tests, 3-D conductivity

estimates are typically smaller than corresponding 2-D estimates.

Aquifer Test on MI5-GU

This constant rate test involved a single pumping well (M IS-GU) discharging at 10 gpm from the

upper consolidated unit (UBFU) and one observation well (MI4-GL) which was completed in the

Lower Basin Fill Unit (LBFU). Irrigation Wells BlA-9 and BlA-I OB were on during the test but no

information is available regarding their pumping rate history. The pumping well recovery rose above

the static water level. It may be that one or both of the irrigation wells were shut off during testing,

causing these effects. Due to the above effects the data form the observation well were not

considered suitable for interpretation. Only the data for MIS-GU was analyzed.

The selected type curve for the pumping well data (M I5-GU) corresponds to a 2-D, homogeneous

flow modeL with a Coecs parameter equal to 10 (see Figure 5C). This value, in turn, results in a skin
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coefficient of 6.6 indicating (Figure 5A), perhaps, some formation clogging near the well face. As

shoY'm in the log-log plot (Figure 5B), the match between the data and the type curve is good. The

hydraulic conductivity estimate is 2.6 ftIday. The estimate for the storage coefficient is 1.1 x 10- 11

which is clearly too small and another indication of the difficulty involved in modeling marginal

data.

Aquifer Test on MI8-GU

This constant rate test involved a single pumping well (MI8-GU) with a discharge of 10 gpm from

the Upper Basin Fill Unit (UBFU). This was a short duration test with no observation wells. The

data set is fair for interpretation.

The selected type curve for the pumping well data (MI8-GU) corresponds to a 2-D, homogeneous

flow model, with aCoe2s 'parameter equal to 1.0 x 10 15 . This value, in turn, results in a skin

coefficient of 11.4 (Figure 6A) indicating significant formation clogging near the well face. As

shoY'm in the log-log plot (Figure 6B), the match between the data and the type curve is good. The

hydraulic conductivity estimate is 19.6 ftIday. The estimate for the storage coefficient is 8.7 x 10- 16

which is clearly much too small and another indication of only a fair data set.

Aquifer Test on P39-0

This constant rate test involved a single pumping well (P39-0) with a discharge of 55 gpm pumping

from the oxide zone. It had a single observation well (039-0) which was also completed in the

oxide zone. The data appears to be good and suitable for analysis.
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The selected type curve for the pumping well data (P39-0) corresponds to a 2-D. homogeneous now

modeL with a Coe1s parameter equal to 100. This value, in tum, results in a skin coefficient of -1.8

(Figure 7A). As shown in the log-log plot (Figure 7B), the match between the data and the type

curve is good. The hydraulic conductivity estimate is 0.3 ft/day and the estimate for the storage

coefficient is 9.6 x 10-1.

The selected type curve for the observation well data (039-0) corresponds to a 2-D, homogeneous

flow model, with a Coe1S parameter equal to 2.0. As shown in this log-log plot (Figure 8B), the

match between the data and the type curve is good. The hydraulic conductivity estimate is 0.3 ft/day

and the estimate for the storage coefficient is 4.3 x 10-4 (Figure 8C).

Aquifer Test on PW7-1

This constant rate test involved a single pumping well (PW7-1) with a discharge of 38 gpm from the

oxide zone. Observation wells OB7-1 and OB-l are also completed in the oxide zone. Observation

well 03-GL straddles the interface between the basin fill deposits and the oxide. Irrigation wells

BIA-IOB and WW-3 were on during testing and appear to have had some effect on the data as shown

by early recovery in these wells. However, data sets from PW7-1 and OB7-1 appear acceptable and

suitable for analysis.

The selected type curve for the pumping well data (PW7-1) corresponds to a 2-D, homogeneous flow

modeL with a Coe2S parameter equal to 100. This value, in tum, results in a skin coefficient of -2.1

(Figure 17A) which indicates enhanced hydraulic conductivity near the well. As shoVvTI in the log­

log plot (Figure 17B), and in spite of the transient effects produced by nearby pumping, the match

between the data and the type curve is good. The hydraulic conductivity estimate is 0.2 ft/day and

the estimate for the storage coefficient is 1.8 x 10,3 (Figure 17C).

The selected type curve for the observation well data (OB7-1) corresponds to a 2-D. homogeneous
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flow model. As shown in this log-log plot (Figure 9B), and due to the transient effects produced by

nearby pumping, the match between the data and the type curve is fair. The hydraulic conductivity

estimate is 0.1 ftlday and the estimate for the storage coefficient is 1.3 x 10-4 (Figure 9C).

Aquifer Test on P12-0

This constant rate test involved a single pumping well (P12-0) with a discharge of 64 gpm from the

oxide zone. Observation well 012-0 was also completed in the oxide zone whereas observation

well 012-GL was completed within the LBFU. The data appear to show multiple pumping well

effects. Drawdown increased at approximately 500 minutes into the test, recovery was observed at

3,000 minutes, additional drawdown was seen at 7,000 minutes, and more recovery was observed

at approximately 9,000 minutes. Large drawdown variations were also recorded the observation

wells. Due to the above effects, this test is considered marginal for interpretation, and only the. first

3,000 minutes of data from wells P12-0 and 012-0 were used.

The selected type curve for the pumping well data (P12-0) corresponds to a 2-D, homogeneous flow

model, with a CDe2S parameter equal to 3.0. This value, in tum, results in a skin coefficient of -4.3

which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity could

be natural, as resulting from nearby fractures, or it could be due to the drilling and well development

process. As shown in the log-log plot (Figure 19B), the match between the data and the type curve

is fair. The hydraulic conductivity estimate is 0.4 ftlday and the estimate for the storage coefficient

is 4.2 x 10-1
•

The selected type curve for observation well data (012-0) corresponds to a 2-D, homogeneous flow

model. As shov.-n in this log-log plot (Figure lOB), the match between the data and the type curve

is fair. The hydraulic conductivity estimate is 0.6 ftlday and the estimate for the storage coefficient

is 2.2 x 10-3
.
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This constant rate test involved a single pumping well (P28-GL) with a discharge of 75 gpm from

the Lower Basin Fill Unit (LBFU). Observation well 028-GL was completed in the Lower Basin

Fill Unit (LBFU) and observation wells P28.1-0, P28.2-0 and 028.1-0 were completed in the oxide

zone. Observation well 028.2-S was completed in the sulfide zone. Irrigation Wells BIA-9 and

BIA-10B were on during the test but no information is available regarding their pumping rate history.

Additionally ENGLAND #3 and WW-3 were on briefly for sampling toward the beginning of the

test, and P8-GU was also pumping during this test. The test results appear good and suitable for

analysis, however, only data from P28-0 and 029-GL were interpreted.

The selected type curve for the pumping well data (P28-GL) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 1.0 x 10 6
. This value, in turn, results in a skin

coefficient of 1.3 which may indicate some formation damage near the well face. As shown in the

log-log plot (Figure 29B), and in spite of the transient effects produced by nearby pumping, the

match between the data and the type curve is good. The hydraulic conductivity estimate is 8.3 ft/day

and the estimate for the storage coefficient is 3.4 x 10-7
.

The selected type curve for the observation well data (028-GL) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 2.0. As shown in this log-log plot (Figure lIB), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is fair. The hydraulic conductivity estimate is 23.2 ft/day. The estimate for the storage

coefficient is 2.7 X 10-5.

Aquifer Test on P28.2-0

This constant rate test involved a single pumping well (P28.2-0) with a discharge of 77 gpm

pumping from the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower
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Basin Fill Unit (LBFU), observation well 028.1-0 and P28.1-0 were completed in the oxide zone.

and observation well 028.2-S was completed in the sulfide zone. Irrigation Wells BIA-9 and

BIA1O-B were on during the test but no information is available regarding their pumping rate history.

These wells did affect the data in all observation wells as evidenced by decrease in the drawdown

at later time in all observation wells. Also, the recovery in the pumping well went beyond static

water level, indicating that the observations in the pumping well are not ideal for interpretation.

However, overall, the test is judged to be acceptable for interpretation.

The selected type curve for the pumping well data (P28.2-0) corresponds to a, 2-D, homogeneous

flow model, with a CDe2s parameter equal to 10. This value,.in turn, results in a skin coefficient of

-6.5 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could result from nearby fractures, or it could be due to the drilling and well development process.

As shown in the log-log plot (Figure 33B), and due to the transient effects produced by nearby

pumping, the match between the data and the type curve is only fair. The hydraulic conductivity

estimate is 3.1 ft/day. The estimate for the storage coefficient turns out to be 3.8 which is clearly

unreasonable (S is a dimensionless quantity smaller than one). This unreasonable storage coefficient

estimate results, most likely, from a data set affected by pumping from wells BIA-9 and BIA 10-8.

The resulting storativity estimates are, therefore, not reliable.

The selected type curve for the observation well data (028.1-0) corresponds to a 2-D, homogeneous

flow model, with a CDe2S parameter equal to 2.0. As shown in this log-log plot (Figure 12B), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is acceptable. The hydraulic conductivity estimate is 3.0 ft/day. The estimate for the storage

coefficient is 1.1 x 10.3 (a much better result than was obtained from the pumping well).

Aquifer Test on PW2-1

This constant rate test involved a single pumping well (PW2-l) and one observation well OB2-1,
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both on the oxide unit. Only the drawdown data for PW2-l was analyzed: however. the observation

well data appear suitable for analysis.

The selected type curve for the pumping well data (PW2-1) corresponds to a 2-D, homogeneous flow

model, with a CDe2S parameter equal to 2.0 x 108
. The estimated skin coefficient is 4.3 indicating,

perhaps, some formation clogging near the well face. As shown in the log-log plot (Figure l3B). the

match between the data and the type curve is good. The hydraulic conductivity estimate is 1.4 ftJday.

Interestingly, the estimated storage coefficient (3.2 x 10'9) seems too small compared to that

computed for other tests on the oxide unit.

Aquifer Test on PW4-l (Test 1)

This constant rate test involved a single pumping well (PW4-1) and one observation well OB4-1.

Only the drawdown data for PW4-1 was analyzed; however, the observation data appear to be good

.and suitable for analysis.

The selected type curve for the pumping well data (PW4-l) corresponds to a 2-D, homogeneous flow

model, with a CDe2s parameter equal to 2.0 x 108 which results in a skin coefficient of4.6

indicating (Figure l5A), perhaps, some formation clogging near the well face. As shown in the log­

log plot (Figure 15B), the match between the data and the type curve is good. The hydraulic

conductivity estimate is 3.8 ftlday, however the estimate for the storage coefficient seems to small

(2.5 x 10.9
).

Aquifer Test on M4-0

The aquifer test on monitoring well M4-0 involved wells M2-GU, M3-GL and M5-S as observation

points. Average discharge from M4-0 during this test was reported at 15 gpm. Irrigation Well

Golder Associates



November 1995 52 953-2908

ENGLAND #3 was on during the test but no information is available regarding its pumping rate

history. Little or no drawdown was seen in any of the observation wells. However, at about 550

minutes into the test, the hydraulic head in all the wells shows a sharp decrease. After turning the

pump off in well M4-0. the observation wells in the unconsolidated unit showed some partial

recovery and then, at about 1,900 minutes, show a sharp drawdown. The hydraulic connection

between the oxide unit and the overlain unconsolidated units seems limited at this location.

Observation well M5-S (completed in the sulfide unit) did not show any drawdown, but instead

recovered throughout the test indicating a very limited connection to the oxide unit. Due to these

conditions, the test response from the observation wells M2-GU and M5-S was not considered

suitable for interpretation.

FLOWDIM interpretation for the pumping well results in a fair match (Figure 16B) between the

homogeneous 2-D model (CDe2s = 2 x 108
) and the field data. The hydraulic conductivity estimate

is 0.6 ft/day, with a skin factor of 3.8. The hydraulic conductivity is, however, deemed an

underestimation of the actual formation conductivity due to the effect of pumping well ENGLAND

#3.

Interpretation of observation well M3-GL used a 2-D model and resulted in a permeability estimate

of 14.8 ft/day, and storativity of 8.8 x 10-2
. The match to the selected type curve is presented in

Figure 2B.

Aquifer Test on P8-GU

This aquifer test involved a single pumping well (P8-GU) with a discharge of 85 gpm from the

Upper Basin Fill Unit (UBFU). Four observations wells (P8.1-0, P8.2-0, 08-0, and 08-GL) were

monitored. Irrigation wells BIA-9 and BIA-I0B were on during the test but no information is

available regarding their pumping rate history. Additionally, irrigation well WW-3 was turned on

briefly for sampling toward the beginning of testing, and P28-GL was also pumped during testing.

These wells did affect the measurements in the observation wells as evidenced by their lack of
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recovery when the pumping in P8-GU was stopped at about 3200 minutes into the test. Also. the

recovery in the pumping well did not reach static water leveL indicating that the observations in the

pumping well are only fair for interpretation.

Field data interpretation was attempted with a type curve for the drawdown data (P8-GlJ)

corresponding to a 2-D, homogeneous flow model, with a CDe2S parameter equal to 1.0 x 106
. This

value, in tum, results in a skin coefficient of 0.9 indicating, perhaps, only minor formation clogging

near the well face. As shown in the log-log plot (Figure 18B), the match between the data and the

type curve is fair. The hydraulic conductivity estimate is 61.3 ftIday and the estimate for the storage

coefficient is 3.2 x 10.6.

Aquifer Test on P13 :1-0

This constant rate test involved a single pumping well (P13.1-0) with a discharge of 46 gpm. All

irrigation wells are reported to be off during the test. Observation well P13-GL data shows some

irregularity, but the pumping well and observation well P 13 .2-0 appear suitable for analysis.

Observation well 013-0 showed no response during this test.

The selected type curve corresponds to a 2-D, homogeneous flow model, with a CDe2s parameter

equal to 1 x 106
. This value, in turn, results in a skin coefficient of -3.4 which indicates enhanced

hydraulic conductivity near the well. This enhanced conductivity could be the result of natural

fractures or it might be due to the drilling and well development process. As shown in the log-log

plot (Figure 20B), there is a good match between the data and the type curve so results of this test

are judged to be good. The hydraulic conductivity estimate is 0.3 ftIday which is a typical value for

the oxide zone and the storage coefficient estimate is 4.7 x 10.7
.

The hydraulic response for observation well P13.2-0 shows a strong 3-D component (Figure 21B).

Analyses of these data result in a hydraulic conductivity of 1.3 x 10-1 ft/day and a storativity of 7.0

Golder Associates



November 1995

Aquifer Test on P15-0

54 953-2908

This constant rate test involved a single pumping well (PlS-0) with a discharge of 60 gpm.

However, irrigation Wells BIA-9 and BIA-I0B were on during the test but no information is

available regarding their pumping rates. These wells did affect observation wells (P15-GL and 0 IS­

O) as evidenced by the sudden change in drawdown near the end of the test. The sudden change in

drawdown is superimposed upon the drawdown due to P15-0 and is difficult to separate. These

irregularities indicate that the observation wells are not suitable for interpretation. The pumping well

is suitable, however.

The selected type curve corresponds to a 2-D, homogeneous flow model, with a CDe2s parameter

equal to 1 x 102
• This value, in tum, results in a skin coefficient of -5.0 which indicates enhanced

hydraulic conductivity near the well. As shown in the log-log plot (Figure 22B), there is a fair match

between the data and the type curve so results of this test are judged to be acceptable when

considering the complications introduced by additional pumping wells (BIA-9 and BIA-l OB). The

hydraulic conductivity estimate is 0.5 ftlday which is a typical value for the oxide zone and the

storage coefficient estimate is 1.3 x 10-2
•

Aquifer Test on PI9.1-0

This constant rate test involved a single pumping well (P19.1-0) with a discharge of 24 gpm

pumping from the oxide zone. Observation wells P19-0 and PI9.2-0 were also completed in the

oxide zone. Two additional observations wells were also monitored during this test (OI9-GL and

well 138). The data from these two wells were strongly affected by pumping in irrigation wells BIA­

10B and WW-3. However, the data sets for the oxide wells appear acceptable for analysis.
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The selected type curve for the pumping well data (P19.1-0) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 2.0 x 10 8
. This value, in tum, results in a skin

coefficient of 5.1 indicating some formation damage or clogging near the well face. As sho\V11 in

the log-log plot (Figure 25B), the match between the data and the type curve is acceptable. The

hydraulic conductivity estimate is 0.3 ftJday and the estimate for the storage coefficient is 6.2 x 10-10
.

The selected type curve for observation well data (P19-0) corresponds to a 2-D, homogeneous flow

model, with a Coe2s parameter equal to 3.0. As shown in this log-log plot (Figure 23B), the match

between the data and the type curve is good. The hydraulic conductivity estimate is 0.2 ftJday and

the estimate for the storage coefficient is 7.7 X 10-4.

The selected type curve for observation well data (P19.2-0) corresponds to a 2-D, homogeneous

flow model, with a Coe2S parameter equal to 2.0. As shown in this log-log plot (Figure 27B), the

match between the data and the type curve is fair. The hydraulic conductivity estimate is 0.2 ft/day

and the estimate for the ~torage coefficient is 1.5 x 10-4.

The above analyses show that the data deviates strongly from the 2-D flow model. Therefore, these

data were reinterpreted using a 3-D model. For this interpretation, the selected type curve for the

pumping well data.(P 19.1-0) corresponds a Coe2s parameter equal to 10. As shown in the log-log

plot (Figure 26B), the match between the data and the type curve is slightly better than that obtained

with the 2-D model. The estimated skin coefficient is -3.3 which indicates enhanced hydraulic

conductivity near the well as opposed to the formation clogging indicated by the 2-D interpretation.

The hydraulic conductivity estimate is 0.01 ftJday and the estimate for the storage coefficient is 5.6

x 10-3
.

The selected 3-D type curve for observation well data (P19-0) corresponds a Coe2s parameter equal

to 3.0. As show11 in this log-log plot (Figure 24B). the match between the data and the type curve

is only slightly better than that obtained with the 2-D model. The hydraulic conductivity estimate

is 2.4 x 10-4 ftJdav and the estimate for the storage coefficient is 1.4 x 10-6
.. ~
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The selected 3-D type curve for observation well data (PI9.2-0) corresponds a CDe2s parameter equal

to 3.0. As shown in this log-log plot (Figure 28B), the match between the data and the type curve

is acceptable. The hydraulic conductivity estimate is 2.0 x 10"" ftIday and the estimate for the storage

coefficient is 3.4 x 10-7
•

Aquifer Test on P28.1-0 (Test #1)

This constant rate test involved a single pumping well (P28.1-0) with a discharge of28 gpm from

the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower Basin Fill

Unit (LBFU) and observation wells P28.2-0 and 028.1-0 were completed in the oxide zone.

Irrigation 'Well England #3 was on during the test but no information is available regarding its

pumping rate history. Also, the recovery in the pumping well went beyond static water level. Test

interPretation included only the data set from the pumping well.

The selected type curve for the pumping well data (P28.1-0) corresponds to'a 2-D, homogeneous

flow model, with a CDe2S parameter equal to 10. This value, in turn, results in a skin coefficient of

-6.7 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could be natural, as resulting from nearby fractures, or it could be due to the drilling and well

development process. As shown in the log-log plot (Figure 30B), and due to the transient effects

produced by nearby pumping, the match between the data and the type curve is only fair. The

hydraulic conductivity estimate is 7.7 ft/day. The estimate for the storage coefficient is 5.2 which

is clearly unreasonable (S is a dimensionless quantity smaller than one). This impossible storage

coefficient estimate results from a data set affected by pumping from irrigation well England #3.

This data set is hard to match with a type curve.

Aquifer Test on P28.1-0 (Test #2)
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This constant rate test involved a single pumping well (P28.1-0) with a discharge of 86 gpm from

the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower Basin Fill

Unit (LBFU) and observation wells P28.2-0 and 028.1-0 were completed in the oxide zone.

Irrigation Well BIA-9 was on during testing, as was well P8.1-0. However, the data appear well­

behaved and suitable for analysis.

The selected type curve for the pumping well data (P28.1-0) corresponds to a 2-D, homogeneous

flow model, \V1th a CDe2s parameter equal to 10. This value, in tum, results in a skin coefficient of

-4.2 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could be natural, as resulting from nearby fractures, or it could be due to the drilling and well

development process. As ShO\Vl1 in the log-log plot (Figure 31B), and in spite of the transient effects

produced by nearby pumping, the match between the data and the type curve is good. The hydraulic

conductivity estimate is 3.6 ft/day and the estimate for the storage coefficient is 3.4 x 10-2
•

The selected type curve for the observation well data (P28.2-0) corresponds to a2-D, homogeneous

flow model, with a CDe2s parameter equal to 2.0. As shown in this log-log plot (Figure 32B), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is good. The hydraulic conductivity estimate is 2.7 ft/day. The estimate for the storage

coefficient is 2.9 X 10-4.

Aquifer Test on P49-0

The aquifer test conducted on well P49-0 consisted of a constant discharge of about 40 gpm. Two

observation wells were monitored during this test; well 049-0, completed in the oxide unit, and well

049-GL completed in the Lower Basin Fill Unit. More than 180 ft of drawdown in the pumping

well rendered the pressure transducer dry. Pressure response on the observation wells was relatively

clean, with well 049-0 showing a drawdown of about 95 ft, and a drawdown in the basin fill well

of about 0.5 ft. No other wells were reported in operation during this test, so the quality of the data
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is good. As mentioned before, only partial data was collected during drawdown in the pumping welL

so the hydraulic conductivity for this test was estimated from the shut in data.

The log-log plot (Figure 34B) for this test shows that a 3-D model represents the observed data quite

well. A type-curve parameter CDe2S of 0.3 produces and estimated hydraulic conductivity value of

7.8 x 10,3 ftJday and a skin coefficient of -7.7. The estimated storage coefficient is however

surprisingly high (0.8). The reason for this extreme value is not apparent at this time.
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The hydraulic conductivity estimates from aquifer tests in the basin fill are quite variable. ranging

from 0.1 to 61.3 ftlday and, as expected, they are about an order of magnitude larger than the

hydraulic conductivity estimates for the oxide zone. The majority of hydraulic conductivity

estimates in the Basin Fill and oxide zone are reasonable. A large variation in storativity is observed

and some of these estimates are unrealistically small. The smallest values are usually derived from

interpretation of pumping well data. As commonly found in most filed tests, and also indicated by

the Florence data, test analyses in observation wells tend to give more reasonable storativity

estimates than analyses of pumping well data.

Analyses of many of the tests described above show the effects from multiple pumping wells with

unknown pumping rate history. It is our opinion that further analyses of these tests would be better

accomplished by inverse techniques that use available drawdown data to simultaneously estimate

the -unknown flow' rate history in the agricultural wells and the aquifer parameters. Golder

Associates has initiated work to accomplish these analyses. The actual effect of additional pumping

from wells in the vicinity of a test on the magnitude of the estimated hydraulic parameters is not well

understood. It would depend on whether a particular well is pumping or shut in after some period

of pumping. When a nearby well is pumping, the estimates would more likely underestimate the

actual aquifer parameters. The true effect needs, however, to be evaluated through analytical studies

that simulate typical conditions observed in the field.

Several of the hydraulic responses for the tests analyzed in this report seem to be better interpreted

by assuming a 3-D flow geometry. However, the estimated hydraulic conductivity and storativity

obtained through the 3-D analysis are two or three orders of magnitude smaller than those obtained

from the traditional 2-D radial flow model. The reason for the smaller hydraulic parameters is clear

when one considers the area available for flow under each of these models. Under the 2-D radial

flow model this area increases as a linear function of the distance from the pumping well, whereas

for the 3-D modeL it increases with the square of this distance.
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In terms of predicting the producing capacity of a welL the distinction between alternative flow

geometries is not crucial. However, for evaluation of transport of solutes through the aquifer this

distinction becomes extremely relevant. It is important to notice, however, that for the simulation

of solute transport in the context of the APP process. use of the 2-D hydraulic parameters results in

conservative estimates of solute migration. By using a "reduced" area for solute transport

(interaction) one would necessarily overestimate the potential migration of solutes. It is

recommended that numerical simulations of flow and transport be carried out with the 2-D hydraulic

parameter estimates.

Of paramount importance for the in-situ operation and for environmental protection, is the

distinction between porous media flow and that resulting from discrete features. So far, the available

field data indicate that flow at the Florence Site can safely be simulated with a porous media

approach such as that built within numerical flow models like MODFLOW.

Golder Associates will continue interpreting the available hydraulic test data to support potential

needs for the APP process and future mining needs. The next phase of aquifer test interpretation will

concentrate on data from observation wells using inverse procedures as briefly described above.

The three-dimensional model does not seem to fit the data sets any better than the two-dimensional

model. Again, for the sake of conservatism, and due to the large uncertainty in the interpretation of

these tests, it is recommended that the values obtained from the 2-D model be used for subsequent

numerical simulations.
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ATTACHMENT 14A – HYDROLOGIC STUDY PART A, GROUNDWATER FLOW MODEL (ITEM 25.H) 

 

 

Exhibit 14A-2 

 MFGU Hydraulic Conductivity Testing Laboratory Report (300), 1995 

 MFGU Hydraulic Conductivity Testing Laboratory Report (283-288), 2011 

 MFGU Hydraulic Conductivity Testing Laboratory Report (292-297), 2011 
  



































HYDRAULIC CONDUCTIVITY TEST REPORT
ASTM D5084

Project Name Claridge - Hanlon  #91100A Project No. 106200-19
Client Name Geosystems Analysis, Inc. Date Received 8/11/2011
Client Address  Date Tested 8/11/2011

Date Issued 8/18/2011
Boring No. CMP-11-03
Sample Type Undisturbed
Sample Depth 283-288 feet
Sample Description Clay, very stiff, brown to red brown

Before After Units
Moisture Content, w 28.6 29.2 % Chamber Pressure: 83.3 psi
Dry Unit Weight, Dd 94.8 95.0 pcf Applied Pressure (influent): 78.3 psi
Height, L 1.81 1.80 inches Applied Pressure (effluent): 75.0 psi
Diameter, d 3.19 3.19 inches Consolidation Pressure: 5 psi
Degree of Saturation, Sr 97.2 99.5 %

Hydraulic Hydraulic Hydraulic
       Test Temp. Time Influent Effluent Conductivity Conductivity Gradient
    Number Deg. C (sec) Reading Reading (cm/sec) (cm/sec) h/L

1              Start 22.4 0 7.60 19.85 @ Test Temp. @ 20o  C

Finish 22.2 59220 8.20 19.30 4.52E-09 4.3E-09 53.09

2              Start 22.2 59220 8.20 19.30
Finish 22.5 90480 8.50 19.00 4.49E-09 4.3E-09 52.96

3              Start 22.5 90480 8.50 19.00
Finish 22.6 140400 9.05 18.55 4.70E-09 4.4E-09 52.73

4              Start 22.6 140400 9.05 18.55
Finish 22.7 229140 10.00 17.70 4.79E-09 4.5E-09 52.33

Average Hydraulic Conductivity "k" (cm/sec) @ Test Temp. 4.6E-09

Average Hydraulic Conductivity "k" (cm/sec) @ 20o  C 4.4E-09

Assumed Specific Gravity, SG 2.75 Degree of Saturation L:\Quality\Labreports\Newperm.xls

Area of Tube (cm2), a (Pipette) 0.9721 Sr = w*SG/e Dd = (SG/1+e)Dw

Permeant : Deaired Tap Water Therefore:

Formulas: Sr = (w*SG)/((SG*Dw/Dd)-1) Page 1 of 1

Permeability (Falling Head-Rising Tailwater Test) Sr = Degree of Saturation (%)

k = [(a*L/(2*A*t)] ln(ho/h1) w = Moisture Content (%)

k = Hydraulic Conductivity (cm/sec) SG = Specific Gravity
a = Area of Tube (cm2) e = Void Ratio

L = Height or Length of Sample (cm) Dd =Dry Unit Weight (pcf)
A = Area of Sample (cm2) Dw = Unit Weight of Water (62.4 pcf)

t = Time of Test Interval (sec)

ho = Height of Head at Start of Test Interval (cm)

h1 = Height of Head at End of Test Interval (cm)



HYDRAULIC CONDUCTIVITY TEST RESULTS (ASTM D5084)

Project Name Claridge - Hanlon  #91100A Job No. 106200-19
Client Name Geosystems Analysis, Inc. Date Received 8/11/2011
Client Address  Date Tested 8/11/2011

Date Issued 8/18/2011
Boring No. CMP-11-03
Sample Type Undisturbed
Sample Depth 283-288 feet
Sample Description Clay, very stiff, brown to red brown

0.0

Deviation Change Change Ratio
from in in Effluent/Influent

Average Influent(ml) Effluent (ml) Change

Test1 0.98 0.58 -0.53 0.92

Test 2 0.97 0.29 -0.29 1.00

Test 3 1.02 0.53 -0.44 0.82

Test 4 1.04 0.92 -0.83 0.89

ok if within 0.75-1.25 ok if within 0.75-1.25

1.0231881

0.022923341



HYDRAULIC CONDUCTIVITY TEST REPORT
ASTM D5084

Project Name Claridge - Hanlon  #91100A Project No. 106200-19
Client Name Geosystems Analysis, Inc. Date Received 8/11/2011
Client Address  Date Tested 8/11/2011

Date Issued 8/18/2011
Boring No. CMP-11-03
Sample Type Undisturbed
Sample Depth 292.5-297.5 feet
Sample Description Clay, very stiff, brown to red brown

Before After Units
Moisture Content, w 28.8 28.0 % Chamber Pressure: 83.5 psi
Dry Unit Weight, Dd 95.9 96.6 pcf Applied Pressure (influent): 78.5 psi
Height, L 1.95 1.95 inches Applied Pressure (effluent): 75.0 psi
Diameter, d 3.16 3.16 inches Consolidation Pressure: 5 psi
Degree of Saturation, Sr 100.4 99.0 %

Hydraulic Hydraulic Hydraulic
       Test Temp. Time Influent Effluent Conductivity Conductivity Gradient
    Number Deg. C (sec) Reading Reading (cm/sec) (cm/sec) h/L

1              Start 22.4 0 7.60 19.70 @ Test Temp. @ 20o  C

Finish 22.2 59220 8.15 19.20 4.22E-09 4.0E-09 51.94

2              Start 22.2 59220 8.15 19.20
Finish 22.5 90480 8.50 18.85 5.35E-09 5.1E-09 51.80

3              Start 22.5 90480 8.50 18.85
Finish 22.6 140400 8.95 18.40 4.32E-09 4.1E-09 51.61

4              Start 22.6 140400 8.95 18.40
Finish 22.7 229140 9.80 17.60 4.48E-09 4.2E-09 51.27

Average Hydraulic Conductivity "k" (cm/sec) @ Test Temp. 4.6E-09

Average Hydraulic Conductivity "k" (cm/sec) @ 20o  C 4.3E-09

Assumed Specific Gravity, SG 2.75 Degree of Saturation L:\Quality\Labreports\Newperm.xls

Area of Tube (cm2), a (Pipette) 0.9721 Sr = w*SG/e Dd = (SG/1+e)Dw

Permeant : Deaired Tap Water Therefore:

Formulas: Sr = (w*SG)/((SG*Dw/Dd)-1) Page 1 of 1

Permeability (Falling Head-Rising Tailwater Test) Sr = Degree of Saturation (%)

k = [(a*L/(2*A*t)] ln(ho/h1) w = Moisture Content (%)

k = Hydraulic Conductivity (cm/sec) SG = Specific Gravity
a = Area of Tube (cm2) e = Void Ratio

L = Height or Length of Sample (cm) Dd =Dry Unit Weight (pcf)
A = Area of Sample (cm2) Dw = Unit Weight of Water (62.4 pcf)

t = Time of Test Interval (sec)

ho = Height of Head at Start of Test Interval (cm)

h1 = Height of Head at End of Test Interval (cm)



HYDRAULIC CONDUCTIVITY TEST RESULTS (ASTM D5084)

Project Name Claridge - Hanlon  #91100A Job No. 106200-19
Client Name Geosystems Analysis, Inc. Date Received 8/11/2011
Client Address  Date Tested 8/11/2011

Date Issued 8/18/2011
Boring No. CMP-11-03
Sample Type Undisturbed
Sample Depth 292.5-297.5 feet
Sample Description Clay, very stiff, brown to red brown

0.0

Deviation Change Change Ratio
from in in Effluent/Influent

Average Influent(ml) Effluent (ml) Change

Test1 0.92 0.53 -0.49 0.91

Test 2 1.16 0.34 -0.34 1.00

Test 3 0.94 0.44 -0.44 1.00

Test 4 0.98 0.83 -0.78 0.94

ok if within 0.75-1.25 ok if within 0.75-1.25

1.0231881

0.022923341
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ATTACHMENT 14A – HYDROLOGIC STUDY PART A, GROUNDWATER FLOW MODEL (ITEM 25.H) 

 

 

Exhibit 14A-3 

Site Characterization Report Section 2.3.1 
Florence 1996 APP Application 
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